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ABSTRACT
Serratia marcescens LRL781, a gram-negative bacterium, produces an
extracellular protease.

Evidence is provided for an outer membrane-

associated, larger molecular weight, enzymatically inactive precursor of
the protease.

Antiserum was prepared against the extracellular

protease, which was purified from the supernatant fraction of S_.
marcescens LRL781 cultures.

Column adsorption of the antiprotease serum

was performed using a slurry of live cells and cellulose.

The resulting

effluent was serologically inactive against protease preparations and
chromium chloride-coupled protease-rabbit erythrocytes.
cells agglutinated in the presence of the antiserum.

Whole washed

Cells were

uniformly labeled with ferritin conjugated goat anti-rabbit IgG,
indicating that the protease precursor is a surface antigen.

In

addition, agglutination titers determined on S_. marcescens LRL781
cultures of different ages showed the same titer, suggesting the surface
antigen was present on all cultures.
Cell surface fractions of S^. marcescens LRL781 were prepared using
a lithium chloride-lithium acetate extraction buffer.
molecule co-purified with the outer membrane fraction.

The precursor
An enzyme-linked

immunosorbent assay (ELISA) was used to quantitate the antigen present
in each cell fraction.

The ELISA indicated that the outer membrane

fraction had a higher specific activity than any other cell fraction.
The precursor was associated with a carbohydrate moiety. The
precursor occurs in a large insoluble aggregate as indicated by lack of
penetration into polyacrylamide gels and by a high specific activity in
the void volume of a Sepharose 6B-C1 column.

Western blot

electrophoresis yielded results similar to that of the ELISA (ie. the
antigen remained at the top of the gel).

O'Farrell (1975) gel

electrophoresis revealed that the precursor is acidic in nature, as is
the protease, and that the precursor has an apparent molecular weight of
71,000 (molecular weight of protease 47,000).

The outer membrane

fraction could not be solubilized with detergents, enzymes, or organic
solvents.

Peptide mapping of protein spots excised from O'Farrell gels

was performed, and revealed that nine peptides are shared by the
protease and the precursor.

Cleveland (1977) gel analysis was used to

detect four serologically-related peptides shared between the protease
and its precursor.

ix

INTRODUCTION
The cell envelope of gram-negative bacteria consists of an inner
cytoplasmic membrane and an outer membrane separated by a peptidoglycan
layer and an aqueous periplasmic space.

Relatively little is known

about the outer membrane of Serratia marcescens, a gram-negative
bacterium which releases several enzymatically active proteins into the
growth medium.

In j3. marcescens extracellular lipase is released from

the cell into the medium during late logarithmic and early stationary
growth phases without concomitant lysis.

This is also true for the

release of extracellular protease activity (Heller, 1979a; 1979b).
Extracellular proteases have been implicated as important virulence
factors in several microbial diseases, including those caused by
Serratia marcescens, Vibrio cholerae, and Pseudomonas aeruginosa.
Protease involvement has been clearly demonstrated in the case of P^.
aeruginosa by a variety of observations including (i) the reduction of
virulence in strains lacking protease activity, (ii) the enhancement of
virulence of protease-deficient strains by the addition of purified
enzymes and, (iii) the reduction of virulence in the presence of
protease-specific antisera (Holder and Haidaris, 1979).
Serratia marcescens is an important opportunistic pathogen capable
of producing diseases in humans and animals.

Lyerly et al. (1981)

demonstrated corneal damage in rabbits after injection of jS. marcescens
protease which caused solubilization of the tissues.

Lyerly and Kreger

(1983) suggested that the protease produced by S_. marcescens may be
involved in the pathogenesis of serratia pneumonia.

Their study

revealed that intratracheal administration of Serratia protease
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preparations elicited lung damage in rabbits.

S_. marcescens and its

protease have been implicated in a variety of other infectious diseases
in humans, such as septicemia (Altmeier et al., 1969), arthritis
(Dorwart et al., 1975), bacterial meningitis (Graber et al., 1963),
urinary tract infections (Maki et al., 1973) and endocarditis (Mills,
1976).
Studies on purified protease enzyme preparations from S^ marcescens
have shown that a single protease protein is produced (Aiyappa and
Harris, 1976; Braun and Schmitz, 1980; Decedue et al., 1979).
excreted protease is the predominant protein in the medium.

The
The

mechanism by which this enzyme is released from the cell and the
potential role of the cell envelope in the process are not yet
understood.

These processes were the main focus of the present

investigation.

A precursor to the extracellular protease produced by

this organism was identified and was found to co-purify with the outer
membrane fraction.

LITERATURE REVIEW

Introduction
The study of protein secretion began in the late 1950's when Palade
and his co-workers discovered that animal cells contain ribosomes bound
to the membrane of the endoplasmic reticulum, as well as ribosomes free
in the cytoplasm.

In following years, it became evident that various

secretory proteins were synthesized on the bound ribosomes, while
cytoplasmic proteins were synthesized on the unbound ribosomes (Palade,
1975).

This distribution suggested that secreted proteins might cross

the membrane as growing chains, rather than after completion (Palade,
1975).

In support of this model, Redman and Sabatini (1966) treated

microsome preparations with puromycin and were able to extract both
nascent and mature polypeptide chains with detergents.

This suggested

that the protein chains had been transferred into the lumen of the
vesicles.

Sabatini and Blobel (1970) showed that microsomes protect

secretory but not cytoplasmic proteins against degradation.

They

concluded that secreted proteins are translocated across microsomal
membranes simultaneously with their synthesis, ie. cotranslational
secretion.
In 1971 Blobel and Sabatini proposed that the information for
secretion resides in the mRNA molecules coding for exported proteins
rather than in ribosomes as it was earlier believed (Suominen and
Mantsala, 1983).

In addition, they proposed that the secretory

information encoded a special sequence at the amino terminal end of the
polypeptide chain that was recognized by a membrane binding factor and
that the chain would be secreted while still growing (Suominen and
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Mantsala,1983).

It was shown by Milstein et al. (1972) that

immunoglobulin light chains were originally synthesized in precursor
form and processed cotranslationally to the mature form by microsome
vesicles.

They concluded that this extra polypeptide segment, of

molecular weight ^ 3000, was at the N^-terminus, and they proposed
that it provided a signal for attaching the growing chain (translation
complex) to the membrane.

Other laboratories also noted the synthesis

in vitro of a precursor of an immunoglobulin chain (Schecter, 1973;
Schecter et al., 1975).
These findings provided the first evidence that proteins destined
for secretion have a special signal sequence, and that this sequence is
removed after it has served its function of initiating transfer (Davis
and Tai, 1980).

Moreover, Schecter and co-workers (1975) showed that the

signal sequence of an immunoglobulin light chain precursor is very
hydrophobic in amino acid composition.
Further studies led Blobel and Dobberstein (1975a; 1975b) to
propose the first detailed hypothesis on the mechanism of protein
translocation.

This was called the "Signal Hypothesis".

It was

postulated that all translation initiations occur by the same mechanism
in free cytoplasmic ribosomes.

According to Inouye et al. (1983), the

secretory proteins are initially synthesized in the cytoplasm as higher
molecular weight precursors that contain the signal sequence (also
called the leader sequence or signal peptide) at their amino terminal.
The signal peptides of secreted proteins protruding out of the ribosome
then lead these complexes to endoplasmic reticulum (ER) membranes.
Specific receptors on the ER bind the ribosome and simultaneously form a

5

hydrophilic tunnel through which the nascent chain is translocated into
the lumen of the ER (Suominen and Mantsala, 1983).

The energy required

for translocation is provided by polypeptide chain elongation.
Processing of the precursor (i.e. proteolytic removal of the signal
peptide) occurs during or shortly after translocation.
In 1980 Blobel presented a revised form of the signal hypothesis.
To meet the requirements for post-translational translocation and for
the passage through two membrane bilayers (i.e. insertion into
mitochondria or chloroplasts), he introduced the concept of four
different types of topogenic sequences, which would explain all kinds of
transport across membranes in both eukaryotic and prokaryotic cells.

He

defined a topogenic sequence as a discrete sequence that constitutes a
permanent or transient part of the polypeptide chain which is used to
sort proteins from each other and route the proteins for export or
target them to other intracellular membranes or compartments (Blobel,
1980).

Four types of topogenic sequences were distinguished:

signal

sequences, stop-transfer sequences, sorting sequences and insertion
sequences.
Prokaryotic signal peptides show several major structural
homologies including (i) one to three basic amino acid residues at the
amino terminal, (ii) a sequence of 10 to 15 hydrophobic amino acids
directly following the positively charged amino terminus, (iii) a serine
or threonine residue (or both) following the hydrophobic core and
located close to the carboxyl terminal, (iv) an alanine or glycine
residue at the signal peptide cleavage site, and (v) in most signal
peptides, a proline or glycine residue within the hydrophobic domain

6

(Inouye et al., 1983).
Although the majority of the experimental evidence obtained for
bacterial protein secretion seems to agree fairly well with the signal
hypothesis, there still remain many unanswered questions.

However, the

signal hypothesis has been widely accepted as a working hypothesis for
bacterial systems (Emr and Silhavy, 1980).

Several examples have been

found of proteins localized in either the outer membrane or the
periplasmic space of gram-negative bacteria.

These proteins are

initially made as longer polypeptide chains containing signal sequences
at their amino-termini (Emr and Silhavy, 1980).
The signal hypothesis makes some specific predictions for
particular proteins in bacteria.

These include (1) the existence of

precursors of proteins containing extra hydrophobic amino acid
sequences, (2) the involvement of membrane-bound polysomes in the
synthesis of secreted proteins, (3) the transport of proteins across
membranes as they are being synthesized (cotranslational secretion), and
(4) the processing of precursors to their mature form (Beckwith et al.,
1978).
Precursors of secreted proteins
The most essential element of the signal hypothesis is that
secreted proteins are made as larger
sequence of hydrophobic amino acids,

precursor molecules which have a
the signal peptide, at the

amino-terminus of the polypeptide chain.

Many membrane and secretory

proteins in both eukaryotic and prokaryotic cells are known to be
synthesized in precursor form with a

signal peptide.

The formation of

secretory protein precursors, the cleavage of these precursors by a
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membrane-associated enzyme, and the sequence of their signal peptides
have been demonstrated for many proteins secreted by bacteria.

Several

examples of putative precursors of secreted proteins identified in
prokaryotic systems will be discussed.
The secretion of penicillinase by Bacillus licheniformis is
unusual in involving a hydrophobic membrane-bound form (molecular weight
36,000) as well as multiple extracellular forms (molecular weights
29,000 - 33,000) (Smith et al., 1981), even though this organism
contains only a single penicillinase structural gene (Yamamoto and
Lampen, 1975).

Yamamoto and Lampen (1976) proposed that the 36,000

molecular weight form was an intermediate in the formation of the
exoenzyme.

They also determined that the membrane-bound penicillinase

is a phospholipoprotein exhibiting hydrophobicity as expected of a
precursor.

The NK^-terminus peptide of the precursor consisted of

only 24 amino acids, including serine, glycine, aspartic acid,
asparagine, glutamic acid, and glutamine, and also phosphatidylserine.
Both the 24 amino acid peptide and the phosphatidylserine were absent
from the exoenzyme.

Trypsin cleavage of the membrane-bound form of

penicillinase produced a 26-residue phospholipopeptide.

Sarvas et al.

(1978) concluded that secretion of penicillinase involved at least two
proteolytic cleavages.

First, the signal peptide is cleaved, but the

protein remains bound.

The second cleavage removes the amino-terminal

hydrophobic peptide anchoring the enzyme to the cytoplasmic membrane,
which releases the water-soluble exoenzyme from the cell.
Another example of a precursor of a secreted protein is the
protease which is produced during gemination of Bacillus megaterium
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spores.

It is synthesized during sporulation as a 46,000 molecular

weight polypeptide (P46).

The P46 form is processed later in

sporulation into a 41,000 molecular weight polypeptide (P41) which is
further processed into a 40,000 molecular weight polypeptide (P40)
(Hackett and Setlow, 1983).

The identification of the zymogen form

(i.e. the P46 polypeptide) explains in part the activation of this
enzyme (Hackett and Setlow, 1983).
any enzymatic activity.

The P46 polypeptide has little if

Hackett and Setlow (1983) state that this

activity is less than 2% of the specific activity of the P40 form of the
enzyme, which acts in vivo.

The zymogen form is activated several hours

later in sporulation and is converted to P41.

The inactivity of P46

explains in part the lack of spore protease action in sporulation
initially (Hackett and Setlow, 1983).
A precursor is also found in the production of diphtheria toxin.
It was shown by Smith et al. (1980) that diphtheria toxin is formed and
secreted cotranslationally by membrane-bound polysomes while free
polysomes do not form the toxin.

They also determined that when

polypeptide chains on free polysomes (i.e. in the absence of membrane)
were completed jln vitro, the chains were found to include not only
diphtheria toxin (62,000 molecular weight) but also a larger precursor
(68,000 molecular weight).
techniques:

The precursor was identified by several

immune precipitation, conversion into toxin fragments A and

B, and cleavage of the precursor by membrane-bound enzymes to toxin
(62,000 molecular weight).
Bacteria are able to produce a large variety of extracellular toxic
proteins.

Some Escherichia coli strains produce an endotoxin known as
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hemolysin (Coleman et al., 1983; Goebel and Hedgpeth, 1982; Springer and
Goebel, 1980).

Hemolysin of 32. coli like many other exotoxins, is

secreted when cells are grown in complex media.

This seems to be due to

factors in the medium which may either

stimulate

the

releaseof labile

toxins or stabilize them once released

(Springer

and

Goebel,1980).

Goebel and Hedgpeth (1982) cloned DNA containing the IS. coli
determinant on a small plasmid of high

copy number. They

hemolysin

partially

characterized the function of each of the gene products in the
production and transport of hemolysin.

Their experiments indicated that

the hlyA cistron encodes a 107,000 molecular weight protein, which seems
to be an inactive precursor of hemolysin.

Purified hemolysin has been

estimated to be about 60,000 molecular weight.
Examples of periplamic proteins for which inactive precursors have
been found include alkaline phosphatase, arabinose-binding protein, and
maltose-binding protein (Inouye and Beckwith, 1977; Randall et al.,
1978).

Inouye and Beckwith (1977) synthesized alkaline phosphatase of

IS. coli in a cell-free system, and analyzed the size of the translation
product.

The product had a higher molecular weight (50,000) than the

mature alkaline phosphatase (43,000) found in the periplasm.

The

translation product was processed to the mature size by an IS. coli
membrane fraction.

The processing activity copurified with the outer

membrane fraction.

They also determined that the precursor can dimerize

to form active enzyme without being processed, and that the resultant
enzyme appeared to be more hydrophobic than the mature enzyme.

They

concluded that this protein served as a precursor to alkaline
phosphatase.

The arabinose-binding protein (ABP) and the maltose-

10

binding protein (MBP) were synthesized iri vitro on membrane- bound
polysomes from _E. coli (Randall et al., 1978).

These proteins made in

vitro were several thousand in molecular weight heavier than the
authentic protein (Randall et al, 1978).

The larger forms of the ABP

and MBP were precursors containing an extra sequence, the signal
sequence.
Several outer membrane proteins have larger precursors.

The major

lipoprotein of the JE. coli outer membrane is first synthesized as a
higher molecular weight secretory precursor, known as a prolipoprotein
(Inouye et al., 1983; Inukai et al., 1983).

Inouye and his co-workers

characterized the prolipoprotein and determined that it contained 20
extra amino acids at the amino terminus.

They suggested that these

extra amino acids constituted the signal sequence.

Ichihara et al.

(1982) proved that two lipoproteins, Braun's lipoprotein (BLP) and
peptidoglycan- associated lipoprotein (PAL), were able to interact with
the peptidoglycan layer while they still had a signal peptide at the
N^-terminus.

They also noted that, although the bound forms of

pro-BLP and pro-PAL were peptidoglycan-associated, both proteins were
found to be localized in the cytoplasmic membrane when the outer and
cytoplasmic membranes were separated after digestion of peptidoglycan
with lysozyme.

They suggested that these precursor proteins are held by

the signal peptide to the cytoplasmic membrane even after the export of
the protein through the membrane has taken place.
Another outer membrane protein known to exist in a precursor form
is the X receptor protein.

This protein acts as the receptor on the

cell surface for bacteriophage X and is also involved in the transport
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of maltose and maltodextrins.

Amino acid analysis of the X receptor

precursor synthesized ijn vitro revealed that the protein had a 25-amino
acid signal sequence at its amino-terminal end (Emr et al., 1980).
Mutant strains that prevent the export of the X receptor protein to the
outer membrane accumulate the unprocessed precursor form in the
cytoplasm (Emr et al., 1980).
A component of the E,. coli ferrichrome transport system has been
identified as the tonA locus.

The tonA (fhuA) gene product is an outer

membrane protein responsible for the binding of ferrichrome in the
initial stage of transport.

The tonA protein is also the receptor for

the phages Tl, T5, and $ 80, and colicin M.

Mutants resistant to these

agents are also defective in the transport of ferrichrome.

The tonA

protein synthesized in vitro is ^ 2000 molecular weight heavier than the
mature membrane protein.

Partial processing of this precursor to the

mature form was obtained by the addition of membrane vesicles to a
coupled in vitro transcription-translation system (Plastow et al.,
1981).
The OmpA and OmpF proteins are major outer membrane proteins of IS.
coli K12.

Their precursors, the pro-OmpA and pro-OmpF proteins, have

been detected in vivo in pulse-labeling experiments carried out with
35

S-methionine at 25°C.

The apparent half-life of the pro-OmpF

protein was estimated to be 30 s.
(Crowlesmith et al., 1981).

The pro-OmpA was processed faster

They also determined in short pulse (10 s)

experiments that the precursors of both proteins were the predominant
labelled species, indicating that at 25°C processing does not start
until chain elongation of the precursor is almost, if not, entirely

12

complete.

Their results showed that processing and translocation are

not coupled to protein synthesis, at least at 25°C.

Two other major

outer membrane proteins, the matrix and TolG proteins, are also produced
from precursors.

It was determined that both precursor proteins have

about 20 extra amino acid residues, as is the case with other reported
protein precursors (Sekizawa et al., 1977).
Membrane-bound polysomes
According to the signal hypothesis, the synthesis of secreted
proteins takes place on membrane-bound polysomes.

The translation

complex may be attached to the membrane either by the nascent
polypeptide (i.e. via the signal peptide) or by the ribosome or both.
The binding site in turn may reside in the membrane lipids or in
specific receptor proteins for signal peptides and/or ribosomes
(Suominen and Mantsala, 1983).

Cancedda and Schlessinger (1974)

attempted to determine whether the polysomes synthesizing alkaline
phosphatase were membrane bound.

They examined the synthesis of

alkaline phosphatase by isolated membrane-bound and free polysomes.
They found that alkaline phosphatase was preferentially made on the
membrane-bound polysomes.
Randall and Hardy (1977) have presented evidence that synthesis of
outer membrane proteins and synthesis of the periplasmic maltose-binding
protein take place on membrane-bound polysomes.

They also obtained

evidence that the synthesis of the periplasmic arabinose-binding
protein and the bacteriophage \ receptor protein take place on
membrane-bound polysomes.

They concluded that the membrane-bound

polysome fractions were enriched in secreted or incorporated proteins,
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but contained very little cytoplasmic protein (for example, elongation
factor EFTu).

In contrast, EFTu was synthesized predominantly by

soluble polysomes.

Davis and Tai (1980) achieved better separation than

Randall and Hardy (1977) of membrane-bound and soluble polysomes.
membrane-bound polysomes synthesized alkaline phosphatase,

The

-amylase,

penicillinase, and diphtheria toxin, while the elongation factor G of 15.
coli (a cytoplasmic protein) was made exclusively on free polysomes.
Beckwith et al. (1978) claim there is not enough evidence at
present to determine whether the ribosomes or translation factors which
are components of these membrane-bound polysomes are different from
those found in soluble polysomes.

One attempt to detect differences

revealed none (Randall and Hardy, 1975).

According to the signal

hypothesis, the evidence is consistent that the polysomes which are
involved in the synthesis of secreted proteins are initially cytoplasmic
and that it is presumably the signal sequence itself which determines
their ultimate localization (Beckwith et al., 1978; Davis and Tai,
1980).
Cotranslational secretion
Cotranslational secretion involves simultaneous translation and
extrusion through the membrane.

The nascent peptide is translocated

across the membrane during protein synthesis.

Direct evidence for

cotranslational secretion in bacteria has been provided.
In growing cells of 15. coli the polysomes were stabilized by rapid
chilling plus addition of chloramphenicol.

The cells were converted to

spheroplasts to increase accessibility of the cytoplasmic membrane.
spheroplasts were treated with
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S-labeled acetylmethionylmethyl-

The
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phosphate (AMMP), which reacts with free amino groups (of protein and
phospholipid) on the cell surface but does not cross the cell membrane
(Bretscher, 1971).

The spheroplasts were then washed and gently

disrupted by osmotic lysis.

The membrane-polysome complexes were

separated (by sedimentation in a sucrose gradient or by gel filtration)
from the free membrane fragments and the free polysomes.

After

fractionation, about 6% of the label in the membrane-polysome fraction
was found to be attached to the polysomes (Smith et al., 1977).

Smith

et al. (1977) concluded this attachment was via peptidyl-tRNA, as shown
by several tests:

i) the label was released by low Mg++; ii)

subsequent cleavage by dilute alkali decreased the average molecular
weight by a value typical of tRNA ( ^ 25,000); and iii) the label was
also released by puromycin or by chain completion in vitro.

Finally,

the demonstration of cotranslational secretion was completed by
identifying the periplasmic enzyme, alkaline phosphatase, (both
serologically and by molecular weight) among the products of completion
of the extracellularly labelled growing chains (Smith et al., 1977).
Using this same procedure, it has since been demonstrated that
cotranslational secretion in gram-positive bacteria occurs as shown in
the production of a-amylase of Bacillus subtilis (Smith et al., 1977),
the toxin of Corynebacterium diphtheriae (Smith et al., 1980), and the
penicillinase of Bacillus licheniformis (Davis and Tai, 1980).
These studies provide direct evidence that secreted proteins
traverse the membrane as growing polypeptide chains and that membraneassociated polysomes in bacteria are functionally attached to membrane
and not merely trapped during disruption of the cell (Smith et al.,
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1977).

Thus it seems that simultaneous translation and translocation

through the membrane is the general mechanism of protein secretion in
bacteria.
Inouye and Halegoua (1980) considered the role of membrane-bound
polysomes in the mechanism of protein secretion through the membrane.
They asked the question:

where does the energy for translocation arise?

The source of energy for the extrusion of the nascent polypeptide chain
is presently unknown.
this energy.

However, there are several possible sources for

It has been suggested that the energy for movement of the

nascent protein chain through the membrane comes from protein synthesis
(Blobel and Dobberstein, 1975a; 1975b).

If this were the case, then it

would be expected that the ribosome should be anchored to the membrane
apart from the growing chain so that as the peptide is further
elongated, it would be pushed through the membrane (Inouye and Halegoua,
1980).

In other words, part of the energy expended on the chain

elongation on the ribosome might be used to push the chain through the
membrane (Davis and Tai, 1980).

Such an attachment of the ribosome to

the ER membrane has been reported in eukaryotic cells, however in IS.
coli, there is no evidence to support the specific attachment of the
membrane-bound ribosome to the membrane other than by the nascent
peptide chain itself (Inouye and Halegoua, 1980).

When purified

membrane-polysome complexes were treated with puromycin, it was observed
that 75% of the polysomes were released from the membrane, regardless of
the ionic (Mg++ and KC1) concentrations (Smith et al., 1978).

In

addition, the mRNA could be ruled out as a mediator of membrane-bound
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ribosomes, since the polysomes released from the membrane by puromycin
were still intact (ribosome + mRNA) because the system had no ribosome
release factor (Smith et al., 1978).

From these results, it was

concluded that the ribosome itself has no firm attachment to the
membrane other than by way of the nascent peptide chain, and the
ribosomes cannot (i.e. the energy expended in the chain elongation of
protein synthesis) push these chains through the membrane (Smith et al.,
1978).
If protein synthesis does not provide the energy for translocation
of secreted proteins across the membrane in bacteria, then alternative
energy sources for this process must be considered.

One possible source

of energy is the spontaneous folding of the protruding chain which might
pull the rest of the chain after it (Davis and Tai, 1980; Smith et al.,
1979).

However, when chains protruding from protoplasts were treated

with puromycin, the ribosomes remained attached to the membrane; hence,
the ribosomes were not held by an extracellular "knot" (Smith et al.,
1978).

Davis and Tai (1980) concluded that extracellular folding is an

unlikely source of energy of secretion.
A third possibility is that if the ribosome, rather than the
protein chain, were embedded in the membrane, the nascent chain leaving
it might already be extracellular (Davis an Tai, 1980).

However, in

electron micrographs the membrane-bound ribosomes do not appear to be
embedded; moreover, it was shown that the membrane protects part of the
growing chain from proteolytic digestion (Smith et al., 1978).
The best model for cotranslational secretion, suggested by Davis
and Tai (1980), appears to be an active secretory machine in the
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membrane (ie. an organized membrane structure surrounds the secreted
chain and transports it, unidirectionally, by metabolic energy).

They

suggest, as in the active transport of small molecules, the energy could
be derived from the proton-motive force or from intracellular
high-energy phosphate.

They also suggest that the "channel" is induced

by the signal sequence and is assembled in the fluid membranes from
mobile components.
proteins.

This model is supported by the presence of specific

Davis and Tai (1980) observed two major protein bands in the

membrane isolated from membrane-ribosome complexes of _B. subtilis that
are absent from the free membrane fraction.
Cotranslational secretion is not the only mechanism of protein
export.

Other models have been designed as alternatives to the signal

hypothesis or linear model.

These models demonstrate secretion (or

incorporation into membrane) after synthesis in the cytosol, with or
without the formation of a cleavable precursor.

For example, the

subunit A of cholera toxin is synthesized in the cytoplasm in precursor
form and is later combined with subunit B and secreted (Davis and Tai,
1980).

The signal sequences of certain proteins fail to direct the

polysomes to become membrane-bound.

It is unclear what role these

sequences play in triggering the interaction of the completed proteins
with the membrane (Wickner, 1979).

The membrane "trigger" hypothesis

proposed by Wickner (1979) minimizes the role of catalysis in assembly
and emphasizes the ability of a membrane lipid bilayer to trigger the
folding of a polypeptide into a conformation that either spans the
bilayer or is integrally associated with it.

The membrane recognition

element may be protein, lipid, or particular physical properties of the
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lipid phase.

This interaction may begin before synthesis of the peptide

chain is complete.

The N--terminal leader peptide is thought to activate

the protein for membrane assembly by altering the folding pathway.

Once

the N-terminal leader peptide is proteolytically removed, secretion of
the protein is irreversible.

The main differences between this model

and the signal hypothesis are the absence of a peptide transport system
and the proposed role of the N-terminal leader peptide in facilitating
the folding of the protein chain as it encounters a lipid bilayer.

This

model does not call for specific ribosome-membrane interactions.
Inukai et al. (1983) proposed the loop model to explain the
function of the signal peptide in protein secretion across the membrane.
This model was based on the structural analysis of the amino acid
sequences of secretory proteins, for example the IS. coli prolipoprotein.
In this model, the positively charged amino-terminal region of the
signal peptide allows the initial attachment of the signal peptide to
the negatively charged inner surface of the cytoplasmic membrane.

Next,

the hydrophobic section is progressively inserted into the cytoplasmic
membrane by forming a loop.

The cleavage site of the signal peptide is

eventually exposed to the outside surface of the cytoplasmic membrane,
where the signal peptidase cleaves off the signal peptide.

This model

predicts that when the signal peptidase is inhibited the accumulated
precursor is attached to the outside surface of the cytoplasmic membrane
by the signal peptide while the positively charged amino-terminal region
is left on the inner surface of the cytoplasmic membrane.

In fact,

Inukai et al. (1983) have recently shown that the positively charged
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amino-terminal region of the signal peptide plays an important role in
efficient protein secretion across the membrane.
Several proteins are secreted or incorporated in the form in which
they are synthesized, i.e. a precursor form does not exist.

In bacteria

the best characterized examples are mainly membrane proteins (Achtman et
al., 1979; Ehring et al., 1980), colicins El and E3 (Jakes and Model,
1979), and penicillin binding proteins 5 and 6 (Pratt et al., 1981).
Processing of precursors
Another step in the secretion process, according to the signal
hypothesis, is the proteolytic cleavage which removes the signal
sequence.

Inouye and Halegoua (1980) stated that enzymes required for

processing precursor proteins have a very narrow range of specificity
and that the specificity of the processing enzyme may depend on the
conformation of the cleavage site rather than on the amino acid sequence
of the region at the cleavage site.
processing is endoproteolytic.

Chang et al. (1978) stated that

However, this processing enzyme, the

signal peptidase, is not species specific.

For example, Serratia

marcescens lipoprotein is processed in IS. coli (Nakamura and Inouye,
1980) and E^. coli g-lactamase is processed in Saccharomyces cerevisiae
(Roggenkamp et al., 1981).
Signal peptidase activity has been detected in both outer (Inouye
and Beckwith, 1977) and inner (Chang et al., 1980) membrane
preparations.

The properties of the enzymes from both membranes are

identical (Zwizinski et al., 1981).

JS. coli signal peptidase has been

reported to require only phospholipids for its activity, which also
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suggests its location in a hydrophobic environment (i.e. membrane) in
vivo (Silver et al., 1981; Wu et al., 1982).
Ichihara et al. (1981) determined that the cleavage of the signal
peptide is not required for the export of several outer membrane
lipoproteins through the cytoplasmic membrane, but the precursors cannot
be released from the cytoplasmic membrane without cleavage of the signal
peptide.
Genetic studies
Even though the signal hypothesis was derived from eukaryotic
studies, genetic manipulations of bacteria enables one to study the
mechanism of protein secretion.

Beckwith et al. (1978) believed that

genetic studies of protein secretion could provide in vivo tests,
confirmation of the model, and further detail of the mechanisms of
protein localization.

One of the approaches Beckwith et al. (1978) took

in studying the mechanism of protein secretion involved the technique of
gene fusion.

Gene fusion was used to "tag" fragments of normally

secreted proteins with an easily detectable enzyme, such as
g-galactosidase (Beckwith et al., 1978).

Silhavy et al. (1977) isolated

strains of JS. coli in which the COOH-terminal sequence of the secreted
or incorporated protein, including its signal peptide, was replaced by
the COOH-terminus of g-galactosidase, a cytoplasmic protein.

The

amino-terminal portion of g-galactosidase is not essential for enzymatic
activity.
The hybrid proteins that contained the N-terminus of the phage X
receptor, an outer membrane protein, were found to be localized either
in the cytoplasm or in the outer membrane of the cell, depending on the
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length of the X receptor protein component (Silhavy et al., 1976).
However, hybrids that contained the maltose-binding protein were
localized in the cytoplasmic membrane, and not in the periplasm, even
when they contained almost the entire maltose-binding protein, including
the signal sequence (Bassford et al., 1979).

It was concluded that

secretion depended not only on the signal sequence but also on the
subsequent sequence found in the polypeptide chain (Bassford et al.,
1979).
Using the method of gene fusion to study protein secretion, it has
been shown that the correct amino acid charge distribution is also
required for the processing and

secretion of the lamB-lacZ hybrid gene

product (Emr et al., 1980), the

malE-lacZ hybrid gene product (Bassford

et al., 1979) and the native malE gene product (Bedouelle et al., 1980).
In each of these proteins, the replacement of hydrophobic amino acid
residues by polar or charged residues in signal sequences causes the
accumulation of precursor proteins in the cytoplasm.
of the positive charge from the

Moreover, removal

signal of the lamB gene product leads to

a strong reduction in the localization of lamB protein to the outer
membrane (Hall and Schwartz, 1982).
Conclusion
Secreted proteins from bacteria are made from precursors which
usually contain an amino terminal peptide extension of about 18 to 23
residues in length.

This is true for outer membrane proteins,

periplasmic proteins, and some cytoplasmic membrane proteins (Inouye and
Halegoua, 1980).

The proper charge distribution and conformation of

signal peptides are necessary for their proper function.

The signal
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sequence alone is not sufficient to allow localization of a given
protein, but additional information residing in other regions of the
polypeptide chain is also required.

Processing of precursors is

endoproteolytic and is not species specific.

In bacterial cells

specific membrane protein receptors responsible for recognition and
binding of signal peptides and ribosomes have not been identified.
The central problem with protein secretion is the identification of
the molecular mechanism that ensures unidirectional transfer of the
growing peptide chain.

The available evidence indicates there is

specific machinery for active transport of proteins across the membranes
(Inouye and Halegoua, 1980).

Also, it is unknown whether the signal

sequence is first inserted into lipid linearly or as a loop, or whether
the channel surrounding the chain exists preformed or is induced to
assemble from separate molecules in the membrane (Davis and Tai, 1980).
Although much has been learned about protein secretion through
membranes in the last 10 years, the exact mechanism is still a matter of
conjecture.

MATERIALS AND METHODS
Bacteria and media.

Serratia marcescens LRL781, a red pigmented

proteolytic isolate was used in all experiments.

Cultures used for

experiments were grown in Brain Heart Infusion (BHI) broth (Difco)
at 30°C with constant agitation at 150 rpm on a rotary shaker for 18 h.
These cultures were inoculated with a 1% inoculum from an overnight
culture.

Stocks were maintained on BHI agar slants supplemented with

0.5% casein.

Slants were stored at 4°C and transferred every 4 weeks.

Protease assay.

Protease activity was assayed by the casein

digestion method described by Kunitz (1955) with slight modification.

A

stock solution of vitamin-free casein was made by boiling 1 g of casein
in 100 ml of 0.1 M sodium phosphate buffer (pH 7.5) for 15 min.
Deionized water was used to bring the solution back up to a 100 ml
volume.

The stock solution was kept at 4°C for periods of up to 1 week.

Prior to use the stock solution was warmed to 30°C.
The test solution containing protease was appropriately diluted
(usually 1:10) in a total volume of 1 ml in small test tubes.
Quadruplicate samples were prepared.
water bath.

Test tubes were placed in a 30°C

One ml of casein solution was pipetted into the first tube,

and a stop watch was started.

Each subsequent tube received 1 ml of

casein solution at 30 s intervals.

Three ml of cold 10% (w/v)

trichloroacetic acid (TCA) was added in the same order to each test tube
exactly 20 min after the addition of casein.

A control assay (blank)

was prepared by the immediate addition of TCA to one of the tubes
containing sample.
dilution used.

A separate blank was prepared for each enzyme

The contents of each tube was mixed well and filtered
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through a Millex-HA filter (Millipore Corp., pore size 0.45 pm).
absorbance of the filtered material was determined at 280 nm.

The

One unit

of activity was defined as the quantity of protease which resulted in an
increase in absorbance of 0.1 unit at 280 nm in 20 min.
Protease purification.
used.

Four 1-liter cultures of Serratia marcescens LRL781 were grown in

BHI at 30°C for 36 h.

Cells were harvested

x g for 15 min at 4°C.
at 4°C.

The procedure of Decedue et al. (1979) was

by centrifugation at10,000

The supernatant solutions were pooled

and kept

Ammonium sulfate was added slowly to this solution with

stirring until 80% saturation was achieved.
overnight.

The mixture was stirred

The precipitate formed was collected by centrifugation at

10,000 x g for 15 min at 4°C and redissolved in a minimal volume of 0.05
M sodium phosphate buffer, pH 6.7 (Buffer 1).

The redissolved

precipitate was dialyzed against three 4-liter changes of Buffer 1 for
12-24 h at 4°C to remove the salt.

After dialysis, the protein

concentration was adjusted to 10-20 mg/ml with Buffer 1.

The solution

was adjusted to 30% saturation with respect to (NH^^SO^ and
stirred for 1 h.

The resulting precipitate was collected and

discarded, after which additional (NH^^SO^ was added to the
solution until 50% saturation was achieved.

The precipitate formed at

50% (NH^^SO^ saturation was collected by centrifugation,
redissolved in a minimal volume of 0.05 M potassium phosphate buffer, pH
8.0, (Buffer 2), and dialyzed against two 4-liter changes of Buffer 2
for 12-24 h at 4°C.

This material was applied to a 30 x 4.5 cm DEAE

cellulose column previously equilibrated with Buffer 2.

The column was
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washed with 2 1 of Buffer 2, after which the enzyme was eluted with a
linear gradient formed by mixing 1 liter of Buffer 2 with 0.6 M
potassium phosphate buffer (pH 8.0) in a standard gradient maker.
Twelve-ml fractions were collected.

Fractions containing protease

activity (usually fractions 15-35) were pooled, lyophilized, and
resuspended in a small volume of deionized water.

The protease was

dialyzed overnight in 3 4-liter volumes of deionized water followed by
lyophilization.

The lyophilized protease was stored at -20°C.

Protein determinations.

Protein determinations were based on the

method of Lowry et al. (1951), however there were modifications in the
preparation of the solutions.
g ^ £ 0 0 ^ and 1000 ml water.

Solution A consisted of 4.0 g NaOH, 20.0
Solution B consisted of 1.0 g

Na^CgH^O^ • 2 ^ 0 , 0.5 g CuSO^ • 5 ^ 0 and 100 ml water.
Solution C consisted of 1.0 ml of solution B added to 50 ml Solution A;
this was mixed thoroughly and prepared fresh for each determination.
Folin-Ciocalteau phenol reagent (Fisher Scientific Co.) was diluted
2-fold to make it 1 N.

Bovine serum albumin (BSA, fraction V) was used

for the standard curve.
final concentration.

The BSA stock solution was prepared at 1 mg/ml

Samples were prepared in 1 ml volumes.

Five ml of

Solution C were added to each tube which was vortexed after addition.
Tubes were incubated for 10 min at room temperature.

Then 0.5 ml of

Solution D (ie. 1:1 Folin reagent) was added to each tube, which was
vortexed immediately after addition.

After 2 h at room temperature,

the absorbance was measured at 660 nm or in a Klett-Summerson
colorimeter using a red filter.

The standard curve consisted of BSA

concentrations of 0, 10, 20, 50, 100 and 200 yg/ml.
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Antiserum preparation.

New Zealand white rabbits were immunized

subcutaneously with purified protease preparations suspended in an equal
volume of Tris-HCl buffer, pH 7.5, and Freund's Complete Adjuvant (6 mg
protein/ml emulsion).

Booster immunizations were given every 4 weeks

using protease in Freund's Incomplete Adjuvant.
titer was approximately 1:5000.

The final precipitin

Antiserum was used to detect cross

reacting material (CRM), in protease preparations and in cell fractions,
by the double diffusion technique of Oucbterlony (Carpenter, 1975).

For

double diffusion assays, 1% Noble agar (Difco) containing borate saline
buffer (0.1 M boric acid - 20 mM sodium borate, pH 8.5, - 0.85% sodium
chloride) and 1% mertbiolate (thimerosal) was used.
Antibody titer determination.
procedure of Carpenter (1975).
saline.

Titers were set up according to the

Antiserum was diluted 2-fold in 0.85%

Live cells were harvested, washed three times in 0.85% saline,

and suspended to yield 150 Klett units using a green filter.

To each

tube 0.5 ml whole washed S_. marcescens LRL781 cells were added.
control tube contained 0.5 ml saline and 0.5 ml washed cells.

The
Tubes

were incubated for 2 h at 40°C and then placed at 4°C for 48 h.
Agglutination patterns were read at the bottom of each tube, and each
was compared to the "button" control.

The titer was recorded as the

reciprocal of the highest dilution showing agglutination.
Ferritin labeling.

Ferritin labeling was performed essentially by

the method of Yang et al. (1977).

Cells were grown overnight in BHI,

harvested, washed twice with 5 mM sodium phosphate buffered saline
(PBS), pH 7.2, and resuspended to an optical density of 0.34 at 525 nm.
An equal volume of the bacterial suspension was mixed with a 1:10
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dilution of antiprotease serum and incubated at 37°C for 30 min.

Cells

were harvested, washed three times with PBS, and resuspended in PBS to
the same volume of the suspension used for incubation with serum.

The

solution was mixed with an equal volume of a 1:4 dilution of
ferritin-conjugated goat anti-rabbit IgG (Cappell Laboratories).
solution was incubated at 37°C for 30 min.
washed three times with PBS.
volume

The

The cells were harvested and

Cells were resuspended in PBS to the same

used for the cell suspension-serum incubation.

The complex was

analyzed for ferritin labeling by electron microscopy (Hitachi HU - 11A)
using Formvar-carbon coated copper grids.
Lipopolysaccharide extraction.

Lipopolysaccharide (LPS) was

purified by the phenol-water extraction method of Westphal and Jann
(1965).

Six liter quantities of bacteria were grown in BHI with a 2%

glucose for 48 h at 30°C and were harvested by centrifugation at 10,000
x g for 15 min at 4°C.

Cells were washed with saline.

followed by an acetone wash.
allowed to settle.

This was

The cells were suspended in acetone and

The acetone was drawn off, and the cells were

allowed to dry to a paste in a 37°C incubator overnight.
of the paste were suspended in 350 ml of water at 65-68°C.

Twenty grams
Then 350 ml

of a solution of 90% phenol and 10% water, preheated to 65-68°C, were
added to the suspension with vigorous stirring, and the mixture was
incubated for 10-15 min at 65°C.

After cooling to 10°C in an ice bath,

the emulsion was centrifuged at 1000 x g at 4°C for 30-45 min which
resulted in the formation of three layers:

a water layer, a phenol

layer, and an insoluble residue forming at the water-phenol interface.
The water phase was removed and the phenol layer and insoluble residue
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were treated with another 350 ml of water (65-68°C) as described above.
The combined water extracts were dialyzed for 3-4 days against four
4-liter volumes of deionized water to remove phenol and low molecular
weight substances.

The dialyzed solution was lyophilized, and the

residue was resuspended in 100 ml of deionized water.

The solution was

centrifuged at 10,000 x g at 4°C for 15 min to remove traces of
insoluble material, and then lyophilized to yield a white fluffy powder
of crude LPS.
The crude LPS (1 g) was dissolved in deionized water.

Fifteen ml

of 2% aqueous cetyltrimethylammonium bromide (CTAB) were added and the
mixture was stirred for about 15 min at room temperature.

The turbid

mixture was centrifuged at 1,000 x g for 20 min at 4°C to remove the
precipitated RNA.

The supernatant fraction was lyophilized and then

resuspended in 50-60 ml of 0.5 M sodium chloride.

The solution was

poured into a ten-fold volume of ethanol (i.e. 500-600 ml ethanol) which
precipitated the LPS.

After standing for 1-2 h at 4°C, the precipitate

was collected by centrifugation at 10,000 x g for 15 min at 4°C and
redissoived in 50 ml deionized water.

The solution was dialyzed for 48

h against deionized water to remove sodium chloride and then
lyophilized.

The purified LPS was stored at -20°C.

Carbohydrate content was measured by the phenol-sulfuric acid
method of Dubois et al. (1956).

Glucose was used as the standard and

was prepared as a stock solution of 2.5 mg/10 ml water.
LPS were made in a total volume of 0.5 ml per tube.
phenol (w/v) was added to each tube.

Dilutions of

Then 0.5 ml of 5%

Immediately following, 2.5 ml

concentrated sulfuric acid were added and the tubes were gently mixed.
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The assay solutions were allowed to incubate at room temperature for 1
h.

The absorbance was measured at 490 nm.
Lipopolysaccharide content.

Membrane fractions were analyzed for

2-keto-3-deoxyoctonate (KDO) by the thiobarbituric acid method according
to the procedure of Weissbach and Hurwitz (1959) as modified by Osborn
et al. (1972).

KDO (Sigma) was used as the standard and prepared as a

stock solution of 1.7 mg KDO/ml deionized water (300 ymoles KDO).

Cell

fractions (containing 0.2-2.0 mg protein) were precipitated with 5 ml of
cold 10% (w/v) trichloroacetic acid (TCA).

The precipitates were

collected by centrifugation at 20,000 x g for 10 min at 4°C, washed
twice with 5 ml of deionized water, and resuspended in 0.7 ml of 0.018 N
I^SO^.

Samples were hydrolyzed at 100°C for 20 min to liberate KDO

from the lipopolysaccharide.
The hydrolysates were assayed directly for KDO concentration.

In

the assay, 0.25 ml of hydrolyzed sample was added to 0.25 ml of 0.025 M
periodic acid solution (in 0.125 N I^SO^).

After vortexing, the

assay solutions were allowed to incubate at room temperature for 20 min.
The reaction was stopped by adding 0.5 ml sodium arsenite solution (2%
w/v in 0.5 N HC1).

The tubes were heated to 100°C for 10 min,

chilled on ice for 30 min.

and then

Samples were filtered through Whatman #1

filter paper before determining the absorbance at 549 nm.

A sample tube

containing water was used as a blank.
NADH oxidase assay.

The NADH oxidase assay was essentially

performed according to the procedure of Osborn et al. (1972).
Incubation mixtures contained 50 mM Tris-HCl buffer (pH 7.5), 0.2 mM
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dithiothreitol, 0.12 mM NADH, and the outer membrane fraction (50-100 yg
protein) in a volume of 1.0 ml.

The rate of decrease in absorbance at

340 nm was measured.
Immunoglobulin G (IgG) purification.

IgG was purified following

the procedure of Steinbuch and Audran (1969).

To 100 ml serum, 200 ml

of 0.06 M sodium acetate buffer (pH 4.0) was added and the solution was
adjusted to pH 4.8.

Dropwise additions of caprylic acid were made to

the solution until 6.8 g had been delivered.

Vigorous stirring was

continued for 30 min at room temperature to prevent gelation of the
mixture.

The solution was centrifuged in a clinical centrifuge for 10

min at room temperature.

The supernatant fraction was saved.

The

precipitate was resuspended in 200 ml of 0.015 M sodium acetate buffer,
pH 4.8, centrifuged as above.
saved.

The second supernatant fraction was also

The two supernatant solutions were combined and the pH was

adjusted to 5.7.

The solution was dialyzed overnight against three

4-liter volumes of 0.015 M sodium acetate buffer (pH 5.7) and
centrifuged at 10,000 x g for 10 min at 4°C.

Batch adsorption of the

supernatant fraction was performed by adding 12 g wet weight of Whatman
DE 52 cellulose anion exchanger, which was equilibrated with 0.015 M
sodium acetate buffer (pH 5.7) for each g of protein contained in the
supernatant.

The slurry was stirred for 30 min at room temperature and

then filtered through Whatman #1 filter paper.
discarded.

The DE 52 cellulose was

The filtrate was filtered through a Millex-HA filter

(Millipore Corp., pore size 0.45 ym) and lyophilized.

Total protein

content of the residue was assumed to be a measure of the total IgG.
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Enzyme-linked Immunosorbent assays (ELISA).
used glass distilled water.

All steps in the ELISA

The procedure of Nakane and Kawaoi (1974)

was used for IgG-horseradish peroxidase conjugation with the following
modification.

Five mg of horseradish peroxidase (HRPO) were dissolved

in 1.0 ml of freshly made 0.3 M sodium bicarbonate (pH 8.1).

One ml of

freshly made 1% l-fluoro-2,4-dinitrobenzene (FDNB) in ethanol was added
to the solution.
temperature.

The solution was mixed gently for 1 h at room

One ml of 0.08 M sodium m-periodate (in distilled water)

was added and the solution mixed gently for 30 min at room temperature
at which time the solution was yellow-green in color.

One ml of 0.16 M

ethylene glycol (in distilled water) was added and the solution was
further mixed 1 h.

The solution was dialyzed at 4°C against three 1

liter changes of 0.01 M sodium carbonate buffer (pH 9.5).

Fifteen mg

lyophilized salt-free IgG were added to 3.0

ml of the above HRPO

solution, which was then mixed gently 2-3 h

at room temperature. Five

mg of NaBH^ were added and the solution stirred at 4°C for periods
ranging from 3 h to overnight.

The solution was dialyzed at 4°C against

three 1-liter changes of 0.01 M Tris-HCl (pH 7.2).
amount of precipitate formed which was removed
sample was applied to an 85 x 1.5 cm column
equilibrated in 0.01 M Tris-HCl (pH 7.2).
collected.

Sometimes a small

by centrifugation. The

of Sepharose 6B-C1
Five ml fractions were

Absorbance was measured at 280 nm and 403 nm.

The fractions

comprising the peak at 403 nm were pooled and then divided into 20 ml
aliquots to which 10 mg BSA/ml were added.
stored at -20°C.

The HRPO-IgG conjugate was

32

The procedure of Clark and Adams (1977) was used for the ELISA
assay conditions.

Antiprotease IgG in 0.06 M carbonate buffer (pH 9.6)

was used to coat flat bottom microtiter plates (Dynatech).
200 yl per well containing 50 yg IgG/ml buffer was used.
were floated in a 37°C water bath for 2-6 h.

A volume of

Covered plates

Plates were washed with

0.01 M Tris-HCl (pH 7.2) containing 1% Tween 20 (TT buffer) by filling
and aspirating the solution from the plates 3-5 times for 3 min per
wash.

Test sample (200 yl) in TT buffer was added to each well.

Plates

were incubated by floating in a 37°C water bath for 2 h and then washed
as described above.

Two hundred microliters of HRPO-IgG conjugate

(diluted 1:20) were added to each well.

The dilution factor of the

conjugate was pre-determined by titration of the conjugate to an
adequate endpoint in the presence of antigen.
3-4 h by floatation in a 37°C water bath.
to each well.

Plates were incubated for

Substrate (200 yl) was added

The substrate used consisted of 1.0 ml of 1%

o-phenylenediamine dihydrochloride in methanol (stable for 1 week in a
dark bottle at room temperature) added to 99 ml distilled water
containing 100 yl 3% hydrogen peroxide.
min before use.

Plates were then incubated for 30 min at room

temperature in the dark.

The reaction was stopped by the addition of 50

yl of 8.0 N l^SO^ per well.
measured at 490 nm.
visually.

Substrate was made up within 5

The absorbance of each well was

Absorbance had to be at least 0.1 to be seen

One unit was defined as the amount of antigen that increased

the 490 nm absorbance of the sample 1.0 A unit above the appropriate
control under the conditions of the assay.
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Specific activity.

Specific activities for cell fractions were

calculated directly from ELISA absorbance units and protein content.
Specific activity was defined as ELISA units/mg protein.
Gel electrophoresis.

Gels containing 10 per cent (separating gel)

and 3 per cent (stacking gel) acrylamide were prepared from a stock
solution of 29.2% (w/v) of acrylamide and 0.8% (w/v) of N,N'-bismethylene acrylamide.

Gel buffers were prepared according to the

procedure of Laemmli (1970).

Final concentrations in the separating gel

buffer were 0.375 M Tris-HCl (pH 8.8) and 0.1% sodium dodecyl sulfate
(SDS).

Final concentrations in the stacking gel buffer were 0.125 M

Tris-HCl (pH 6.8) and 0.1% SDS.

Gels were polymerized by the addition

of 0.05% by volume of tetramethylethylenediamine (TEMED) and 0.2% by
volume of a 10% (w/v) solution of ammonium persulfate.

The slab gel was

overlayed with butanol which was removed after polymerization.

The gel

was rinsed with deionized water before the stacking gel was added.

The

electrode buffer (pH 8.3) contained 0.025 M Tris base, 0.192 M glycine,
and 0.1% SDS.

Approximately 0.1 ml of a 0.1% aqueous bromophenol blue

(BPB) solution was added to the upper reservoir.

The samples,

containing 50-150 yg protein, were prepared in 50-100 yl of sample
buffer.

The sample buffer contained 0.0625 M Tris-HCl (pH 6.8), 2% SDS,

10% glycerol, and 0.6% 1,4-dithiothreitol (instead of
g-mercaptoethanol).
loaded onto the gel.

Samples were immersed 4-5 min in boiling water and
Electrophoresis was carried out using a current of

20 mA until the tracking dye (BPB) reached the bottom of the stacking
gel and 40 mA until it reached the bottom of the resolving gel.

Gels

were stained in acetic acid/methanol/water (5:4:1) containing 0.05%
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Coomassie brilliant blue for 2 h and destained in acetic
acid/methanol/water (10:7:100) overnight.

Molecular weight standards

prepared by Bethesda Research Laboratories for SDS-polyacrylamide gels
were used.

Gels were stored up to several months in destaining solution

and photographed on a light box using Polaroid P/N 665 film at F-stop 22
and exposure time 1/4 s.
Glycoprotein staining.

Polyacrylamide gels were stained for

glycoprotein using the Alcian blue staining procedure of Wardi and
Michos (1972).

Gels to be stained were fixed overnight in an aqueous

solution containing 40% ethanol and 5% glacial acetic acid.

The gel was

then placed in 12.5% TCA (w/v) for 30 min and rinsed lightly in
distilled water.
acid) for 50 min.
distilled water.

The gel was placed in 1% periodic acid (in 3% acetic
Excess periodate was removed by repeated washing with
The gel was then placed in 0.5% potassium

metabisulfite for 30 min and washed with deionized water.

The gel was

stained in 0.5% Alcian blue (in 3% acetic acid) for 4 h and destained in
7% acetic acid.
Two dimensional gel electrophoresis.

Two dimensional gels were

prepared and assembled according to the procedure of O'Farrell (1975)
with minor modifications.

Letter designations given to solutions were

those given by O'Farrell (1975).

First dimension isoelectric focusing

gels (IEF) were made in acid-washed glass tubes (130mm x 2.5 mm inside
diamete)r.

The tubes were coated with Sigmacote (Sigma) half-way up the

tube, air dried, and then sealed at the bottom with Parafilm and marked
to a height of 12.5 cm.

Ten ml of the gel mixture were made

(approximately 0.5 ml per tube) by adding the following to a 125 ml

35

filter flask:

5.5 g ultrapure urea, 1.33 ml acrylamide stock (28.38%

w/v acrylamide and 1.62% w/v bis-acrylamide; solution D ) , 2 ml of NP-40
stock (10% w/v in water), 1.97 ml water, 0.4 ml of 40% (w/v) ampholines,
pH 5-7 (LKB), and 0.1 ml of 40% (w/v) ampholines, pH 3-10 (LKB).
final ampholine concentration was 2%.
urea was completely dissolved, then
were added, and the solution
1 min.

The

The flask was swirled until the
10 yl

in the flask

of 10% ammoniumpersulfate
was degassed under vacuum for

TEMED (7 yl) was added to the solution which was then

immediately loaded into the gel tubes.

The tubes were filled to

approximately 5 mm from the top with a 9 inch Pasteur pipet.

Loading

was performed from bottom to

top to avoid

The gels were overlayed with

100 yl of 8 M urea (solution H, which was

stored as frozen aliquots).

the trapping ofair bubbles.

After gel polymerization (which took 1-2

h ) , the overlay solution was removed and replaced with 20 yl of lysis
buffer (Solution A, comprised of: 9.5 M urea; 2% (w/v) NP-40; 2%
ampholines [1.6% at pH 5-7 and 0.4% at pH 3-10] and 5%
(3-mercaptoethanol) which was overlayed with 20 yl of water.
allowed to stand 1-2 h longer.

Gels were

The Parafilm was removed and the gels

were placed in a standard tube gel electrophoresis chamber.

The lysis

buffer (Solution A) and water were removed from the surface of the gel
and 20 yl of fresh lysis buffer were added.

The tubes were filled with

0.02 M NaOH (the cathode electrode solution) which was degassed to
remove CO 2 before use.

The lower reservoir was filled with

approximately 500 ml of 0.01 M H^PO^ (the anode electrode solution)
and the upper reservoir was filled with approximately 500 ml 0.02 M
NaOH.

Gels were prerun according to the following schedule:

200 volts

36

for 15 min, 300 volts for 30 min, and 400 volts for 30 min.

The power

was then turned off, the electrode solutions were discarded, the lysis
buffer and NaOH were removed from the surface of the gels, and the
samples were loaded onto the gels.
Samples were prepared for the gels as follows.

An aliquot of each

sample was taken for a protein determination.

An equal volume of lysis

buffer (Solution A) was added to each sample.

Solid urea was added to

each sample to a final concentration of 9 M.

Samples were usually

loaded onto the gels immediately, if not, they were frozen in lysis
buffer.

The guideline used in loading samples on the gels was 10-100 yg

protein in a volume of 50-100 yl.
Samples were overlayed with 15 yl sample overlay solution (Solution
K, stored as frozen aliquots) consisting of 9 M urea and 1% ampholines
(comprised of 0.8% at pH 5-7 and 0.2% at pH 3-10) and 0.02 M NaOH was
used to fill up the tubes.

The electrode chambers were refilled with

the appropriate electrode solutions as previously described.
Isoelectric focusing gels were then run at constant voltage for 16 h at
400 volts, followed by 800 volts for 1 h (the product of the total
voltage and time in hours should be 5,000-10,000 volt hours for gels
this length).
Gels were removed from the tubes using a 20 ml syringe connected to
the electrophoresis tube by a short piece of Tygon tubing.

The gels

were forced out by applying air pressure from the syringe, marked with a
25 gauge needle dipped in India ink, and frozen at -70°C in
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lyophilization ampoules filled with Solution 0 (sample buffer comprised
of 10% (w/v) glycerol, 5% (v/v) 0-mercaptoethanol, 2.3% (w/v) SDS, and
0.0625 M Tris-HCl (pH 6.8).
When IEF gels were prepared for the second dimension, they were
thawed and equilibrated in 5 ml of Solution 0 at room temperature for
1-2 h with 2 changes of solution before loading.
Glass plates used in making the second dimension slab gels were
made as follows.

Glass was cut into 160 x 140 mm rectangular plates.

Notches were cut 18 mm deep and 124 mm long for two plates which were
used for the beveled front plate.

These two plates were glued together

with one plate displaced by 6 mm.

The corner formed between the base of

the notch of the first plate and the notch of the second plate is filled
with epoxy to form a surface at a 45° angle.
the flat back plate.

This beveled edge faced

Teflon strips (155 x 10 mm) were used as spacers

and silicone grease was used to make a water-tight seal.
The slab was prepared as described for the Laemmli (1970) gel
system.

After polymerization, the gel was covered with lower gel

buffer, which was diluted 4-fold, and allowed to stand overnight.

The

following day the stacking gel mixture was layered on top of the running
gel up to the base of the notch.

A strip of Teflon (130 mm x 10 mm x

0.5 mm) was inserted below the base of the notch to form a flat surface
on top of the stacking gel (taking care to avoid trapping air bubbles).
The stacking gel was allowed to polymerize for 1 h.
The Teflon strip was removed from the gel and all excess solution
was removed from the surface of the gel.

The equilibrated IEF gel was

placed on a piece of Parafilm, straightened out, and held close to the
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edge of the Parafilm.

One ml of melted 1% agarose solution (1 g agarose

melted in 100 ml Solution 0 and dispensed into aliquots) was put into
the notch, and the IEF gel was quickly transferred to the slot.

The

agarose gel was used to keep the cylindrical IEF gel in place.
Electrophoresis conditions were as previously described.

Current

was passed through the gels were until the dye front reached the bottom
of the gel.

The gels were stained and destained as previously

described.
Crossed immunoelectrophoresis.

Two methods of crossed

iramunoelectrophoresis were used (Axelsen et al., 1973; Chua and
Blomberg, 1979).

According to the procedure of Axelsen et al. (1973) 15

ml of molten 1% agarose in immunoelectrophoresis barbital buffer II
(Bio-Rad Laboratories) was poured onto a 4 in x 4 in glass plate.

Wells

were punched out using a cork borer and then filled with 25 yl protein
solution (10 mg/ml concentration).

Plates were placed in the

electrophoresis chamber and the reservoirs were filled with buffer.
Wicks were made with Whatman 3 MM paper.

One drop of 0.05% bromophenol

blue was placed on the outside of the protein wells.
set to 10 volts/cm.

The voltage was

Gels were electrophoresed for approximately 1 h or

until the dye reached the other side of the plate.

A 1 inch

longitudinal strip containing the protein was cut and placed on another
glass plate.

For the second dimension, twelve ml of molten 1% agarose,

made in immunoelectrophoresis barbital buffer II (Bio-Rad Laboratories)
containing 0.5 ml whole antiprotease serum was poured along the gel
strip and onto the rest of the plate.

The plate was placed into the

electrophoresis chamber, filter paper wicks were set up, and a small
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drop of tracking dye was placed on the gel.

The voltage applied to the

gel was 10 volts/cm, and the gel was electrophoresed for 1-2 h or until
the tracking dye reached the other side.

Gels were pressed under 1

sheet of Whatman #1 filter paper and a 1 inch layer of paper towels to
which approximately 10 g weight/cm

2

was applied for 10-15 min.

The

paper towels and the filter paper sheet were removed from the gel.

The

gel was submerged into 3 liters of 0.85% saline for 15 min and then it
was submerged into 3 liters of deionized water for 15 min.

The gel was

pressed as described above and dried onto the glass plate using a hair
dryer.

Plates were stained in 95% ethanol/glacial acetic acid/water

(9:2:9), containing 0.5% Coomassie brilliant blue, for 10 min at room
temperature.

Plates were destained in 95% ethanol/glacial acetic acid/

water (9:2:9) by soaking 3 times in destaining solution for 10 min per
soak.

Gels were dried using a hair dryer, and the reaction on the plate

was observed.
Crossed immunoelectrophoresis was also performed according to the
procedure of Chua and Blomberg (1979).

SDS-polyacrylamide gels were

electrophoresed and the gel was cut longitudinally in between slots to
give parallel strips of about 1 cm width.

The gel strips were stored at

4°C for up to 4 days without any deleterious effect due to diffusion of
polypeptides.

A second dimensional gel was used for

immunoelectrophoresis.

It was prepared by casting 35.1 ml of 1.2%

molten agarose (in Buffer A:

80 mM Tris-40 mM sodium acetate-1 mM Na 2

EDTA, adjusted to pH 8.6 with acetic acid) and 2.9 ml of 20% (w/v)
Lubrol PX (in deionized water) onto a 14 cm x 16 cm glass plate.

The

agarose mixture formed a uniform layer of about 2 mm thickness.

After
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the agarose solidified, a template was cut into the gel (see
corresponding figure).

The sections of the gel corresponding to the

cathodal gel and antibody gel were excised out.

The unstained gel strip

was rinsed once in deionized water and placed parallel to and about 2-3
mm below the Lubrol-containing intermediate gel.

The top of the gel

strip was placed in line with the left edge of the glass plate.

One ml

of 10% (w/v) deoxycholate (DOC, in deionized water) was mixed with 9 ml
of 1.2% molten agarose (in Buffer A), and the mixture was gently
pipetted over the gel strip until the entire cathodal gel area,
including the junction between the gel strip and the intermediate gel
was covered.
mixture.

The gel strip was completely sealed by the DOC-agarose

The antibody gel was prepared by mixing 1.3 ml of 50% (w/v)

polyethylene glycol 4000 (PEG 4000, in Buffer A) with 18.7 ml of 1.2%
molten agarose (in Buffer A ) .

The PEG-agarose solution was poured into

a beaker which contained 0.25 mg antiprotease IgG in 1 ml of pre-warmed
(to 65°C) Buffer A.

The solution was thoroughly mixed and poured onto

the antibody gel area of the plate.

After the composite agarose gel was

prepared, the plate was placed in an immunoelectrophoresis cell
maintained at 15°C.

Each reservoir was filled with Buffer A and Whatman

3MM filter paper strips were used as wicks.
at constant voltage of 100 V for 18-20 h.

The gel was electrophoresed
After immunoelectrophoresis,

the agarose gel was removed from the glass plate, soaked at room
temperature in 0.15 M sodium chloride for 24 h, and then soaked in
several changes of distilled water for an additional 48 h.

The

immunoprecipitates were visualized by staining in 50% methanol-7% acetic
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acid (containing 0.25% Coomassie brilliant blue) for 15 min at room
temperature.

The gel was destained in 40% methanol-7% acetic acid until

the background was clear.
Removal of sodium dodecyl sulfate (SDS) from gel slices.

SDS was

removed from gel slices essentially by the procedure of Blank et al.
(1982).

Protein bands were excised out of the polyacrylamide gel and

placed in large screw capped test tubes containing 10 ml of 10% (w/v)
isopropanol in 0.1 M Tris-HCl buffer (pH 7.2).
30 min at room temperature.

The tube was shaken for

The isopropanol solution was replaced with

5 ml of 0.01 M Tris-HCl buffer (pH 7.2).

Gel slices were shaken for 5

min at room temperature and then the buffer was poured off.

The gel

slice was macerated through a syringe, suspended in 1 ml of 0.01 M
Tris-HCl buffer (pH 7.2), and incubated for 10-12 h at room temperature.
The solution was used for double diffusion plates, ELISA, or gel
analysis.
Outer membrane isolation.

Outer membranes were isolated using the

procedure of McDade and Johnston (1980) with some modifications.

S..

marcescens LRL781 cells were grown in 1 liter BHI at 30°C for 18 h on a
rotary shaker at 150 rpm.
from an overnight culture.

The medium was inoculated with a 1% inoculum
Cells were harvested by centrifugation at

13,000 x g for 20 min at 4°C and then resuspended in 100 ml of 200 mM.
lithium chloride-100 mM lithium acetate, pH 6.0 (LCA buffer).

Cells

were then incubated in a 1 liter flask for 2 h at 45°C with shaking at
150 rpm in the presence of 200 g of 6-mm solid glass beads.

After

incubation, the glass beads were removed by passing the bacterial
suspension through a metal mesh screen.

The beads were washed
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once with 50 ml LCA buffer.

The bead wash and bacterial suspension were

combined and centrifuged at 12,000 x g for 20 min at 4°C.
which contained intact cells, was discarded.

The supernatant fraction

was centrifuged for 20 min at 25,000 x g at 4°C.
centrifugation, the pellet was discarded.
centrifuged at 200,000 x g for 1 h at 4°C.

The pellet,

After this

The supernatant fraction was
The pellets containing outer

membranes were saved and the supernatant fraction was discarded.
Other outer membrane isolation procedures.

Outer membranes were

prepared essentially by the methods of both Kabir (1980) and Mizuno and
Kageyama (1978).

For the Kabir procedure, cells were grown at 30°C in

250 ml BHI medium in a 1 liter flask to an absorbance of 0.8-1.0 at 600
nm.
4°C.
7.8).

Cells were harvested by centrifugation at 12,000 x g for 15 min at
The pellet was resuspended in 50 ml of 0.1 M Tris-HCl buffer (pH
The solution was sheared in a blender (19,500 rpm for 45 s) at

4°C, and then centrifuged at 12,000 x g for 10 min at 4°C.

The pellet

was rapidly suspended in 17.5 ml of cold 2.5% sucrose-5mM Tris-HCl
buffer (pH 7.8).

The solution was transferred to a flask to which 1.75

ml of lysozyme solution (4 mg/ml deionized water) was added.

The

mixture was incubated in ice for 2 min and diluted with 2 volumes of
cold 2.5 mM Na£ EDTA (pH 7.8).

The suspension was incubated for 3-6 h

at 4°C, and then it was slowly poured into 4 volumes of cold water and
stirred for 10 min at 4°C.

The unlysed cells were removed by

centrifugation at 12,000 x g for 15 min at 4°C, and the supernatant
fraction containing the total membrane fraction was centrifuged at
48,000 x g for 30 min at 4°C.

The pellet was suspended in 10 ml of 0.01

M Tris-HCl (pH 7.8) -1 mM EDTA, recentrifuged at 48,000 x g for 30 min
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at 4°C, and washed once with 10 ml of 0.01 M Tris-HCl buffer
(pH 7.8)-5 mM M g C ^ .

The inner membrane was removed by extraction

with 2% Triton X-100 (v/v) for 20 min at room temperature.

The outer

membrane was recovered as a pellet by centrifugation at 48,000 x g for
30 min at 4°C.
The Mizuno and Kageyama (1978) procedure was used with
modifications.

Cells were grown in 500 ml BHI for 18 h at 30°C on a

rotary shaker at 150 rpm, and harvested by centrifugation at 13,000 x g
for 15 min at 4°C.

Cells were washed 3 times with 20% (w/v) sucrose and

suspended in 18 ml of 20% sucrose.

To this solution, placed in an ice

bath, the following were added in order, slowly:

9 ml of 2 M sucrose,

10 ml of0.1 M Tris-HCl buffer (pH 7.8), 0.8 ml ofl% Na2EDTA (pH 7.0),
and 1.8 ml of freshly prepared 0.5% lysozyme solution.
suspension was incubated for 30 min at 30°C.

Then 33 ml of glycerol

(final concentration 44%) were added to the suspension.
was incubated at 30°C for 45 min.

The cell

The solution

Cells were harvested by

centrifugation at 12,000 x g for 15 min at 4°C and resuspended in 50 ml
of deionized water.

Lysed cells were centrifuged at 25,000 x g for 20

min at 4°C and the pellet was discarded.

The supernatant fraction was

centrifuged 200,000 x g for 1 h at 4°C.

The pellet was resuspended in

10 ml of 0.25 M of sucrose in 3.3 mM Tris-HCl buffer (pH 7.8)— 1 mM EDTA
(pH 7.0) containing 2% Triton X-100.

The suspension was centrifuged at

200,000 x g for 1 h at 4°C, and the outer membrane was recovered as a
pellet.
Formation of IgG-antigen immunoprecipitate.
was formed following the procedure of Suss (1980).

An immunoprecipitate
Five mg of
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lyophilized protein (from the void volume peak of a Sepharose 6B-C1
column) was dissolved in 1 ml of 5 mM Tris-HCl buffer (pH 8.0),
containing 5% Triton X-100, at 4°C.
200,000 x g for 15 min at 4°C.

The solution was centrifuged at

The clear supernatant, which was used

for immunoprecipitation, was slowly added to 1 ml of an agitated
solution containing 50 mg antiprotease IgG dissolved in the buffer
mentioned above.

After incubation for 3 h at 25°C, the

immunoprecipitate formed was sedimented by centrifugation at 8700 x g
for 15 min at 4°C.

The supernatant was discarded, and the pellet was

washed twice with 5 ml of 5 mM Tris-HCl buffer (pH 8.0).

The pellet was

resuspended in 0.5 ml of gel sample buffer for gel analysis.
Column adsorption of antiserum.

Column adsorption of antiprotease

antiserum was performed according to the procedure of Mukerjee (1978) by
preparing a slurry containing 16 g wet weight powdered cellulose with
approximately 20 ml washed, resuspended live S_. marcescens (1 liter
grown 12-18 h in BHI broth) cells in saline.

The slurry was poured into

a small Pyrex chromatographic column and the cellulose-cell suspension
was allowed to settle.

Total bed volume was determined using

approximately 0.1-0.2 ml of lysed red blood cells (RBCs) as a tracer.
Lysed red blood cells were prepared by resuspending the RBCs in water
and passing the solution through a syringe several times.
was washed with saline to remove residual RBCs.

The column

Serum was passed twice

through the column and the effluent was collected to equal the bed
volume.

The effluent was used in the passive hemagglutination assay.

Passive hemagglutination.

Rabbit erythrocytes were coupled to the

antigen, S^. marcescens LRL781 protease, by the chromium chloride method
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described by Faulk and Houba (1973).

One-half ml of RBCs suspended in

Alsever's solution (see Appendix) were packed in a conical centrifuge
tube using a clinical centrifuge.

The RBCs were washed three times in

cold 0.01 M sodium phosphate buffered saline, pH 7.3 (PBS).

One-half ml

protease antigen (concentration 3 mg protein/ml) was added, and 0.5 ml
of 0.1% chromium chloride was added immediately after.

The contents of

the tube were mixed gently, and the mixture was incubated at room
temperature for 6 min with occasional stirring.
was stopped by adding 10 ml of cold PBS.

The coupling reaction

The antigen-coupled RBCs were

washed three times with cold PBS, resuspended in 0.5 ml PBS, and
dispersed into small test tubes for the hemagglutination assay.
The passive hemagglutination assay was set up according to the
procedure of Chin (1978).

Five-hundredths ml of antiserum was delivered

to the first test tube and mixed with Hank's balanced salt solution
(HBSS; see Appendix) to give a final dilution of 1:10.
dilutions were made through at least twelve tubes.
(0.05 ml of suspension) were added to each tube.
tube were gently mixed.

Two-fold serial

Antigen coupled-RBCs
The contents of each

The control for spontaneous agglutination was a

tube that contained only HBSS and antigen coupled-RBCs.

The other

control tube contained preadsorbed column serum with antigen
coupled-RBCs.

The titer was recorded as the reciprocal of the highest

dilution showing agglutination.
Another passive hemagglutination assay was used for the LPS
preparation (Auzins, 1968).

Lipopolysaccharide was detoxified by

alkaline treatment (Neter et al., 1956).

LPS was dissolved in 0.02 M

NaOH to give a final concentration of 1 mg/ml, incubated at 37°C for 5
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h, and diluted with PBS to a final concentration of 50 yg/ml.
RBCs were sensitized as follows:

Rabbit

1.5 ml of RBCs in Alsever's solution

were delivered to each of two conical centrifuge tubes; cells were
packed and washed three times in PBS at 300 x g for 5 min in the
clinical centrifuge.

The contents of one tube was resuspended in 10 ml

of PBS (non-sensitized cells) and the contents of the other tube was
resuspended in 5 ml of PBS and 5 ml of LPS solution (50

g detoxified

LPS/ml); tubes were incubated for 2 h in a 37°C water bath with
occasional shaking; cells were washed by sedimentation with PBS three
times at 300 x g for 5 min.
PBS per tube.

The washed cells were resuspended in 50 ml

Serum dilutions were made as follows:

serum was diluted

in PBS two-fold, beginning with a 1:2 dilution, and the tubes were
placed in a 56°C water bath for 30 min to heat inactivate the serum.
Controls were set up as follows:

in tube 1, 0.25 ml of sensitized cells

was added to 0.25 ml of PBS; and in tube 2, 0.25 ml of non-sensitized
cells was added to 0.25 ml of PBS to which 0.05 ml of heat inactivated
whole serum was added.

To each tube, other than the controls, 0.25 ml

of sensitized cells was added.

All tubes were then incubated for 1.5 h

in a 37°C water bath, gently vortexed for thorough mixing, and incubated
overnight at 4°C.

The next day the tubes were read as positive

(agglutination of RBCs) or negative ("button" formation of RBCs).
Solubilization/digestion of the outer membrane fraction.

Reaction

mixtures contained 50 yg protein in 25 yl of 10 mM Tris-HCl buffer (pH
7.0) in an Eppendorf tube.

To the tube 9 yl of BSA (lmg/ml), 9 yl of

detergent or enzyme stock (see Table 8), and 47 yl of buffer were added
to bring the total volume of the reaction mixture to 90 yl.

The mixture
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was incubated overnight at 37°C.
plates or in the ELISA.

Samples were used in double diffusion

To samples that were to be loaded onto gels and

Western blotted, 10 yl of 10% SDS and 1 yl of g-mercaptoethanol were
added to the tube.

The samples were boiled 3-5 min.

solid sucrose were added to each tube.

A few crystals of

The contents of each tube was

loaded onto an SDS-polyacrylamide gel and electrophoresis was performed
as previously described.
Western blot electrophoresis.

Electrophoretic transfer of proteins

from SDS-polyacrylamide gels to nitrocellulose sheets was set up
according to the procedure of Towbin et al. (1979) and Burnett (1981).
The physical assembly of the protein transfer was as follows.

A sheet

of nitrocellulose (Millipore Corp., pore size 0.45 ym) cut to the size
of the gel was saoked for 20 min in Buffer A (20 mM Tris base-150 mM
glycine-20% methanol).

The nitrocellulose sheet was laid on a sheet of

wet Whatman 3MM paper.

Both sheets were placed on a Scotch-Brite

scouring pad (Bio-Rad Laboratories) which was supported by a stiff,
hinged plastic grid (Bio-Rad Laboratories).

The gel to be blotted was

put on the nitrocellulose sheet and care was taken to remove all air
bubbles.

A second sheet of wet Whatman 3MM paper was placed on top of

the gel to which a second Scotch-Brite pad and the second half of the
plastic grid were applied.

The gel was firmly and evenly pressed

against the nitrocellulose sheet.

The hinged holder made it easy to

secure the "sandwich" which was inserted into the electrophoretic
transfer chamber (Trans-Blot

TM

Cell, Bio-Rad Laboratories).

nitrocellulose sheet faced the anode.
Buffer A.

The

The chamber was filled with

Transfer took place at 60 V for 4 h.

Binding of antibody and
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I-Staphylococcus protein A to

nitrocellulose-immobilized proteins was performed according to the
procedure of Burnett (1981) with some modification.

After blotting, the

nitrocellulose membrane was immersed in 100 ml of 10 mM Tris-HCl (pH
7.4)- 0.9% sodium chloride (TBS) containing 3% BSA (fraction V) for 1 h
at room temperature with gentle rocking.

The solution was removed and

replaced with a fresh solution of 100 ml of TBS plus 3% BSA containing
specific IgG (ie. antiprotease IgG) at 10 yg IgG/ml and 0.1 mg/ml bovine
carrier IgG.

The filter was incubated at room temperature for 2 h with

gentle rocking and the solution was removed.

The filter was washed five

times for 10 min per wash; the first wash was with TBS, the second
and third washes contained TBS plus 0.05% NP-40, and the fourth and
fifth were the same as the first.

The filter was blotted dry, and then

incubated with 100 ml TBS plus 3% BSA containing
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I-protein A (2 x

10"* cpm/ml) for 30 min with gentle rocking at room temperature.

The

radioactive solution was pipetted off, and the filter was washed five
times as previously described.

The filter was blotted dry, wrapped in

plastic wrap, and placed on a sheet of Kodak XAR-5 film.

The film was

exposed at -70°C for 3-6 h utilizing an intensifying screen.
Iodination of Staphylococcus protein A .

Staphylococcus protein A

was iodinated using several modifications of the chloramine T method of
Greenwood et al. (1963).

Sephadex G-25 was equilibrated in 0.01 M

sodium phosphate buffer, pH 7.2, and packed into a 10 ml disposable
glass pipet up to the 0 ml line.

The column was pre-coated with 2-3 ml

BSA (1 mg/ml) and washed with the above buffer.

Protein A was diluted

to 1 mg/ml in the above buffer and 50

was dispensed into a

y l

(50

yg)
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microfuge tube.
to the tube:
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The tube was placed in ice and the following were added

150 yl of 0.1 M sodium phosphate buffer (pH 7.2), 20 yl of

I (1 mCi, Amersham), and 25 yl of chloramine T (40 mg/10 ml of 0.1

M sodium phosphate buffer, pH 7.2).

After 3 min, the reaction was

stopped by the addition of 100 yl of sodium metabisulfite (50 mg/20 ml
of 0.1 M sodium phosphate buffer, pH 7.2) and 200 yl of sodium iodide
(100 mg/10 ml of 0.1 M sodium phosphate buffer, pH 7.2) to the tube.
The solution was chromatographed on the Sephadex G-25 column and 40
fractions, 300 yl per fraction, were collected.

Five yl of each

fraction were counted in a gamma counter and fractions containing
125

I-protein A were pooled.

added to pool.

Then 10 yl of 10% deoxycholate (DOC) were

Two 5 yl aliquots of the pool were counted and the

counts were averaged to determine the "initial count".

A TCA

precipitation was done on two 10 yl aliquots of the pool to determine
the amount of incorporation.

To each 10 yl aliquot contained in a

microfuge tube, 90 yl of BSA (lmg/ml) and 0.9 ml of cold 10% (w/v) TCA
were added.

Each mixture was allowed to sit on ice for 15-20 min and

was then centrifuged 10 min in a microfuge.

The pellets were counted,

the counts were averaged and compared to the "initial count", and the
per cent incorporation was calculated.
Radioiodination of proteins in gel slices.

Radioiodination of

proteins in gel slices was performed according to the procedure of Elder
et al. (1977).

Proteins of SDS-polyacrylamide gels stained by Coomassie

blue were sliced from the gel with a razor blade.

The slices were

washed 2-3 h per wash with 25% (v/v) isopropanol (1 liter each wash)
using a perforated microtiter plate, then washed twice with 10% (v/v)
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methanol (1 liter each wash) overnight in order to remove SDS.

Slices

were transferred to siliconized tubes and dried under a heat lamp and
vacuum.

Proteins were then radioiodinated with

125

I (Amersham) in the

gel slice by a modification of the chloramine T method.

The following

components were added sequentially to the tubes containing the dried gel
slices:

20 yl of

125

I (1 mCi), after 5 min, 50 yl of 0.5 M sodium

phosphate buffer (pH 7.5), and 10 pi of chloramine T (5 mg/ml of sodium
phosphate buffer).

Gels were allowed to absorb the liquid for 30 min,

at which time 1 ml of sodium metabisulfite solution (1 mg/ml of sodium
phosphate buffer) was added to stop the reaction.

After 15 min the

bisulfite solution was removed, and the gel slices were washed in
siliconized tubes 10 times with 5 ml of 10% (v/v) methanol per wash.
Gel slices were then placed in the wells of the perforated microtiter
plate which was submerged in 1 liter of 10% (v/v) methanol and allowed
to stir overnight.

The samples were placed in fresh 10% (v/v) methanol

and washed 2-3 times (4-6 h ) .

After washing, the gel slices were placed

in siliconized tubes and dried with a heat lamp (or by lyophilization).
Peptide mapping.

Peptide mapping was perfomred according to the

procedure of Elder et al. (1977).

To the dried gel slices, 0.5 ml of 50

yg/ml of trypsin (Worthington, 271 units/mg) in 0.05 M NH^HCO^ buffer
(pH 8.0) was added to each tube.

The samples were incubated at 37°C

overnight, after which the supernatants were removed and lvophilized in
microfuge tubes.

The samples were dissolved in 20 yl of Buffer I

(acetic acidrformic acidrwater, 15:5:80) and 1

1 (approximately 1 x

10^ cpm) was spotted 1 inch from the edges of a cellulose-coated thin
layer chromatography plate (MCB Reagents).

Electrophoresis was
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performed at 4°C on a high voltage electrophoresis apparatus (Pharmacia)
in Buffer I at 1 kV for 30-60 min.

To ensure that the peptides of each

sample migrated a consistent distance, progress of electrophoresis was
monitored by using a mixture containing 2% Orange G (w/v) and 1% acid
fuschin (w/v) in Buffer I.

The dye was spotted at the opposite end from

each sample, and each plate was removed when the lead dye component
reached a 10.5 cm mark.

The plates were dried gently under a heat

lamp.The peptides were chromatographed in the second dimension in Buffer
II (butanol:pyridine:acetic acid:water, 32.5:25:5:20) for 6-7 h at room
temperature.

The plates were dried under a heat lamp.

the plate were analyzed by autoradiography.
sheet of Kodak XAR-5 film.

The peptides on

Plates were place on a

The film was exposed for 6-12 h at -80°C

utilizing an intensifying screen.

Plates were not treated with 7%

2 ,5-diphenyloxazole (PPO).
Cleveland gel analysis.

Cleveland gels were used for partial

enzymatic proteolysis and analysis of the cleavage products (Cleveland
et al., 1977).

Second dimension O'Farrell (1975) SDS gels were stained

for no more than 30 min with Coomassie blue and destained for less than
1 h (solutions previously described).
water and placed on a light box.

The gels were rinsed with cold

Individual spots were cut out with a

razor blade, trimmed to 5 mm width, and then soaked 30 min with
occasional swirling in 10 ml of a buffer containing final concentrations
of 0.125 M Tris-HCl (pH 6.8), 0.1% SDS, and 1 mM EDTA.
gel slices were stored at -20°C, if necessary.
conveniently digested without prior elution.
with longer than usual stacking gel wells.

At this point,

The proteins were
A second SDS gel was cast

Final sample wells were
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filled with Tris-SDS-EDTA buffer (above).
the bottom of a well with a spatula.

Each gel slice was pushed to

Each slice was overlayed with 10

yl of this buffer containing 20% glycerol.

Finally, 10 yl of this

buffer containing 10% glycerol and 100 yg/ml Staphylococcus aureus V8
protease (Miles Laboratories) was overlayed into each slot containing a
gel slice.

Electrophoresis performed in the normal manner (ie. 20 mA

through the stacking gel and 40 mA through the resolving gel) with the
exception that the current was turned off for 30 min when the
bromophenol blue dye neared the bottom of the stacking gel.
Preparation of cells for transmission electron microscopy.

Cells

were fixed in veronal-acetate buffered 1% osmium tetroxide (see
Appendix) according to the method of Kellenberger (1958).

Cells were

grown in BHI and 30 ml of culture material was mixed with 3 ml of this
fixative at room temperature.

The mixture was centrifuged immediately

for 5 min at 1800 x g at room temperature.

The pellet was resuspended

in 1 ml of fresh fixative and 0.1 ml of BHI, and left overnight at room
temperature.

The suspension was diluted with 8 ml of veronal-acetate

buffer after 16 h of fixation and was then recentrifuged.
pellet was resuspended in 1 ml of 2% warm agar.

The resulting

After cooling, the agar

block was soaked in 0.5% aqueous uranyl acetate for 2 h at room
temperature, rinsed in buffer, and dehydrated in an ethanol series of
10%, 25%, 50%, 75%, 90%, 100%, for 30 min at each step.

The agar block

was embedded in Spurr's resin (Spurr, 1962; see Appendix) and placed in
a Beem capsule (Pellco).
h at 60°C under vacuum.

The resin was allowed to polymerize for 16-24
Plastic blocks were thin-sectioned by glass

knives using an Ultratome I microtome (LKB).

Thin sections were stained
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by Reynolds' lead citrate stain (Reynolds, 1963; see Appendix)

and

observed on Formvar-carbon coated grids using a Hitachi HU-11A electron
microscope.

RESULTS
Antiserum was produced in rabbits against the extracellular
protease which was purified from the supernatant fraction of Serratia
marcescens LRL781 cultures.

In double diffusion plates, the antiserum

produced a single precipitin line with protease preparations (Figure 1).
The antiserum also agglutinated (titer 12,800) whole washed cells.
Cells were not agglutinated by pre-immune serum.

Cells of S_. marcescens

LRL781 were uniformly labeled when reacted with ferritin conjugated goat
anti-rabbit IgG (Figure 2).

These results suggested that a surface

antigen serologically-related to the protease was involved.

In

addition, agglutination titers run on S^. marcescens LRL781 cultures 6,
12, 18, 24, 36, and 48 h old showed the same titer, which suggests the
surface antigen was present on all the cultures tested.

Agglutination

tests were also performed with Escherichia coli and Salmonella
typhimurium.

These were uniformly negative.

The antiserum was specific

for JS. marcescens.
Cells were washed in protease solutions and with physiological
saline in an attempt to elute the surface antigen.

The cells were

tested serologically to determine if the surface antigen had been
removed.

The agglutination titers shown on Table 1 showed no change in

the agglutination titer.
Cellulose column adsorption of the antiprotease serum was
performed

The resulting column effluent was serologically inactive when

tested against protease preparations by either double diffusion plates
or a passive hemagglutination assay using protease sensitized rabbit red
blood cells.
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Figure 1

Double diffusion plate.

Arrow indicates line of

precipitation formed between protease antigen (Ag) and
antiprotease serum (As).
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Figure 2.

Cells of Serratia marcescens LRL781 labeled with ferritinconjugated

goat anti-rabbit IgG.
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Table 1.

Agglutination titers of cells of S^. marcescens LRL781 treated
with was reagents prior to serological testing.

Wash reagent

Agglutination titer

Trypsin (1 mg/ml, 10,000 units/ml)

1:1000

Chymotrypsin (1 mg/ml, 50 units/ml)

1:1000

Thermolysin (1 mg/ml, 50 units/ml)

1:1000

0.15 M NaCl

1:4000

Water

1:2000
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Lipopolysaccharide (LPS) was purified and shown by a phenolsulfuric assay to contain 21% carbohydrate.

The possibility that

antiprotease serum contained antibody to lipopolysaccharide was
eliminated because the serum did not react with LPS-rabbit red blood
cells by a passive hemagglutination assay or in an enzyme-linked
immunosorbent assay (ELISA).

Rabbit red blood cells, which were

sensitized with LPS, did not agglutinate in the presence of antiprotease
serum.

Also, antiprotease antibody was not directed against the

purified LPS because there was no reaction in any of the ELISA test
wells.
Cell surface fractions of _S. marcescens LRL781 were prepared
according to the procedure of McDade and Johnston (1980).

Lithium

chloride-lithium acetate (LCA) buffer was used to extract outer
membranes which contain the surface antigen.

The outer membrane was

essentially "peeled" away from the cell wall as demonstrated in cells
that were thin-sectioned and examined by electron microscopy (Figure 3).
Using this procedure, six cell surface fractions were obtained, which
are identified and numbered as shown in Figure 4.
Total protein determinations were made on each of the six
fractions, Table 2.

Fraction I, the sheared cells, contained 86% of the

total protein found in the control cells.
fraction was tested for protease activity.

In addition, each cell
No activity was detected in

any of the six cell fractions.
Each cell fraction was analyzed for the presence of 2-keto-3deoxyoctonate (KDO) to determine lipopolysaccharide content.

The KDO

values for each fraction prepared by the method of McDade and Johnston
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Figure 3.

Comparison of (A) normal cell to (B) McDade and Johnston
(1980) treated cell in thin-section.

Outer membrane absent

from treated cells as indicated by arrows (om, outer
membranes; pg, peptidoglycan; cm, cytoplasmic membrane).

O'
U>

0.2um

Figure 4.

Cell fractions derived from procedure of McDade and Johnston (1980).

Harvest cells 12,000 x g for 20 min at 4°C
Resuspended in LCA buffer
Incubate in the presence of 6 mm glass beads at 45°C for 2 h at 150 rpm on a
rotary shaker
j
Centrifuge 12,000 x g for 20 min at 4°C
Sheared cells (I)

Supernatant (II)
Centrifuge 25,000 x g for 20 min at 4°C
Cell fragments (III)

Supernatant (IV)
Centrifuge 200,000 x g for 60 min at 4°C
Outer membranes (V)

Supernatant (VI)
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Table 2.

Total protein determinations from McDade and Johnston (1980)
cell fractions.

Cell fraction

Total protein (mg/fraction)

Sheared cells (fraction I)

840.8

Supernatant (fraction II)

138.9

Cell fragments (fraction III)
Supernatant (fraction IV)
Outer membranes (fraction V)

5.1
127.7
8.9

Supernatant (fraction VI)

110.7

Control cells

980.0
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(1980) are shown in Table 3.

Fraction I, the sheared cells, exhibited

most of the KDO, however, KDO was detected in the remaining five cell
fractions.
The total KDO to protein ratio was calculated for fraction I
through fraction VI (Table 4).

The ratio suggested that fraction V, the

outer membrane fraction, possessed a high concentration of KDO, 12.1
nmoles/mg protein, while the other fractions contained considerably less
KDO.

Although fraction VI in Table 3 appears to have a higher total KDO

concentration (0.19 nmoles/fraction) than fraction V (0.11
nmoles/fraction), the total KDO to total protein ratio revealed that
fraction V had at least a 7-fold higher concentration of KDO over
fraction VI based on total protein.

These findings suggested that

fraction V was outer membrane material because of high KDO levels.
However, the McDade and Johnston (1980) method was not an efficient one
by which to isolate outer membrane material from j>. marcescens LRL781 as
indicated by the high KDO values remaining in the sheared cell fraction.
Nevertheless, there was no NADH oxidase activity, associated with
fraction V, indicating that this fraction was free of contamination by
cytoplasmic membranes.
Each cell fraction was tested against antiprotease serum.
Supernatant samples II, IV, VI formed a line of precipitation in the
presence of the antiserum in double diffusion plates, while pellets I,
III, V were agglutinated in the presence of the antiserum in tube
agglutinations.

These serological procedures detected antigen in all

the cell fractions.

Therefore, an enzyme-linked immunosorbent assay

(ELISA) was used to quantitate the antigen in each cell fraction.

The

67

Table 3.

KDO determinations from McDade and Johnston (1980) cell
fractions.

Cell fraction

Total nmoles KDO/fraction

Sheared cells (fraction I)

9.00

Supernatant (fraction II)

0.38

Cell fragments (fraction III)

0.04

Supernatant (fraction IV)

0.41

Outer membranes (fraction V)

0.11

Supernatant (fraction VI)

0.19

Control cells

9.30
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Table 4.

Total KDO/total protein ratio.

Cell fraction

Sheared cells (fraction I)

Total KDO/Total Protein
m(nMoles/mg)

10.7

Supernatant (fraction II)

2.7

Cell fragments (fraction III)

7.1

Supernatant (fraction IV)

3.1

Outer membranes (fraction V)

12.1

Supernatant (fraction VI)

1.7

Control cells

9.5

69

results of the ELISA are shown in Table 5.

The ELISA showed that the

outer membrane fraction, fraction V, had a higher specific activity than
any of the other five cell fractions.

Specific activities were

calculated directly from ELISA absorbance units and protein content.
Specific activity was defined as ELISA units/mg protein.

Fraction V

showed a 30-fold greater specific activity than fraction VI, and
100-fold higher specific activity than fraction I.

The results

indicated that the outer membrane fraction was enriched in antigen (i.e.
the antigen co-purified with the outer membrane fraction).

Fraction I,

although it contained an abundant amount of LPS, contained very little
antigen.
Up to this point, it was assumed that an outer membrane protein or
an outer membrane-associated protein of S_. marcescens LRL781 was
antigenically related to the extracellular protease.

Gel

electrophoresis was performed using polyacrylamide gels containing
sodium dodecyl sulfate (SDS) as described by Laemmli (1970).

Purified

protease preparations as well as outer membrane preparations were
loaded onto the gels.

A typical outer membrane electrophoretic profile

is shown in Figure 5.

In Figure 5, lane a, the major outer membrane

protein (indicated by arrow) had an apparent molecular weight of 37,000
and, in lane b, the protease had an apparent molecular weight of 47,000.
The McDade and Johnston (1980) cell fractions were electrophoresed on an
SDS-polyacrylamide gel.

Their electrophoretic profiles are shown in

Figure 6.
The McDade and Johnston (1980) procedure was used to prepare outer
membrane fractions from 6, 12, 18, 24, 36, and 48 h cultures.

An SDS-
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Table 5.

Specific activity of cell fractions (ELISA units/mg protein)
1 unit = 1A

Cell fraction

Sheared cells (fraction I)

Specific activity

2.8

Supernatant (fraction II)

41.8

Cell fragments (fraction III)

20.9

Supernatant (fraction IV)

50.9

Outer membranes (fraction V)
Supernatant (fraction VI)
Control cells

360.7
13.6
4.6
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Figure 5.

SDS-polyacrylamide gel electrophoresis.

Lane 1, outer

membrane preparation of Serratia marcescens LRL781 (McDade
and Johnston, 1980); lane 2, S^. marcescens LRL781 protease;
lane 3, ovalbumin (43K), a-chymotrypsinogen (27.5K),
8-lactoglobulin (18.4K), and lysozyme (14.3K) molecular
weight standards.

Arrow indicating major outer membrane

protein having a molecular weight of 37,000 (37K).

m ia4K
A43K
wfPIP5 1

3

73

Figure 6.

McDade and Johnston (1980) cell fraction profiles.

Lane 1,

fraction I (sheared cells); lane 2, fraction II
(supernatant); lane 3, fraction III (cell fragments); lane 4,
fraction IV (supernatant); lane 5, fraction V (outer
membranes); lane 6, fraction VI (supernatant); lane 7, S_.
marcescens LRL781 protease; lane 8, molecular weight
standards:

ovalbumin (43K), a-chymotrypsinogen (27.5K), and

(3-lactoglobulin (18.4K).
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polyacrylamide gel loaded with samples of each of these outer
preparations was electrophoresed.

The gel revealed that the outer

membrane profiles for each preparation were not the same (Figure 7).
24,000 molecular weight protein appears at 24 h, 36 h, and 48 h.

A

The

appearance of the protein coincides with an increase of protease
activity.

The specific activity of each of these outer membrane

preparations was determined using the ELISA.

The outer membranes

isolated from 18 h old cultures showed a higher specific activity than
any other age of culture (Table 6).

In addition, when each culture was

tested for protease activity, all activity was associated with the
supernatant fluids and not with the cells.

High levels of protease

activity, as high as 70 units, were found in the supernatant fluids
harvested from 36 h cultures.

While peak protease activity was detected

in 36 h cultures, most of the ELISA activity of the outer membrane
fractions (i.e. presence of antigen) was found in 18 h cultures.

There

was a decrease in precursor as monitored by ELISA activity as
extracellular protease activity increased.
Each band in the 18 h outer membrane profile, including the
resolving gel-stacking gel interface, was tested for the presence of
antigen by the ELISA test.

Each band was cut out of the gel and washed

in isopropanol to remove the SDS.

Protein that was eluted out of each

band in Tris-Tween 20 buffer (TT buffer) was put into test wells of an
ELISA plate.

None of the bands showed (including the 24K protein) any

ELISA activity, however, there was activity from the protein(s) eluted
from the gel-stacker interface.
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Figure 7

McDade and Johnston (1980) outer membrane electrophoretic
profiles of 6„ 12, 18, 24, 36, and 48 h old S^. marcescens
LRL781 cells (lanes 1-6, respectively).

SS®
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Table 6.

Specific activity and protease activity of different aged
cultures.

Age of culture (h)

Specific activity
(ELISA units/mg protein)

Protease activity
(units)

6

368

0

12

538

0

18

704

8

24

406

24

36

231

70

48

177

33
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Fraction IV was concentrated to one-tenth volume using an Amicon
ultrafiltration cell with a PM 10 filter.

The concentrated fraction was

applied to a Sepharose 6B-C1 column (equilibrated in LCA buffer) in
order to isolate a peak of protein containing the antigen.
were eluted off the column.

The proteins

Three ml fractions were collected.

elution profile revealed five peaks (Figure 8).

The

Peaks 2, 3, and 4

exhibited ELISA activity and peak 1, the void volume, exhibited 100-fold
greater ELISA activity than any other peak (Table 7).
Gel electrophoresis of the antiprotease IgG-outer membrane
immunoprecipitation complex revealed that several proteins were
immunoprecipitated.

Since peak 1, the void volume, from the Sepharose

6B-C1 column contained the most ELISA activity, it was allowed to react
with the antiprotease IgG and form an immunoprecipitate.

The

immunoprecipitate was applied to an SDS-polyacrylamide gel (Figure 9).
Two non-serologically related proteins were found in the
immunoprecipitate which did not appear in Western blot electrophoresis.
Since the proteins are smaller than the protease, they probably were not
precursors to the extracellular protease of _S. marcescens.

In addition,

when fraction V was suspended in 0.01 M Tris-HCl buffer (pH 7.2)
containing 2% Tween 20 and applied to a 5-20% linear sucrose gradient
(prepared in Tris-Tween 20), protein and ELISA activity were found
throughout the gradient.

The elution profile of the gradient (0.5

ml/fraction) is shown in Figure 10.
Crossed immunoelectrophoresis (CIE) was performed on the outer
membrane fraction.

By using tandem crossed immunoelectrophoresis, it

was shown that the protease preparation cross reacted (i.e.
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Figure 8.

Elution profile of fraction IV from Sepharose 6B-C1 column.
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Table 7.

ELISA specific activity of peaks eluted from a Sepharose 6B-C1
column containing fraction IV.

Peak number

ELISA specific activity

1

1800

2

137

3

78

4

90

5

0
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Figure 9.

SDS-polyacrylamide gel electrophoresis of peak 1-IgG
immunoprecipitate.

Lane 1, purified IgG; lane 2, peak 1-IgG

immunoprecipitate; lane 3, peak 1 of Sepharose 6B-C1 column.
Arrows indicate two non-serologically-related proteins.
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Figure 10.

Elution profile of sucrose gradient.
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precipitated) with antiprotease serum.

The outer membrane preparation

did not penetrate the gel and did not react with antibody (Figure 11).
When the detergent Lubrol PX was substituted for SDS in the CIE gel
according to the procedure of Chua (1979), no precipitation with
antibody was seen using the outer membrane preparation as antigen.
An SDS-polyacrylamide gel was prepared as described by Laemmli
(1970) and stained with Alcian blue to detect glycoprotein.
membrane profile showed distinct regions of glycoproteins.
also appeared at the top of the gel (Figure 12).

The outer
Glycoprotein

These results

indicated that the antigen was associated with a carbohydrate moiety.
The results seem to indicate that the antigen moiety was complexed
in an insoluble aggregate.

To further support this contention, outer

membrane isolation procedures reported by Kabir (1980) and Mizuno and
Kageyama (1978) were used.

The outer membrane electrophoretic profiles

appeared as shown in Figure 13.

Again, ELISA activity was found at the

interface of the resolving gel and the stacking gel.

When glycerol (44%

final concentration) was added to the McDade and Johnston (1980) LCA
extraction buffer, the outer membrane profile showed many more protein
bands (Figure 14) than the outer membrane profile without the addition
of glycerol in the extraction buffer.
found at the top of the gel.

However, ELISA activity was still

Finally, outer membranes were suspended in

2% of the following detergents:

the heat-stable hemolysin of

Pseudomonas aeruginosa, Tween 20, Triton X-100, and Nonidet P-40 and
were then run on a polyacrylamide gel without SDS.

The membrane
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Figure 11.

Crossed immunoelectrophoresis.
protease;

(A) S^. marcescens LRL781

SL marcescens LRL781 outer membrane preparation.
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Figure 12.

Glycoprotein stain.

Lane 1, fraction VI; lane 2, fraction

V; lane 3, Alcian blue stain of fraction VI; lane 4, Alcian
blue stain of fraction V.
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Figure 13.

Comparison of outer membrane profiles from different
isolation procedures.

Lane 1, Mizuno and Kageyama (1978),

water washed (50 yg); lane 2, Mizuno and Kageyama (1978),
LCA buffer washed (50 yg); lane 3, McDade and Johnston
(1980), LCA buffer extracted (50 yg); lane 4, S_. marcescens
protease standard (250 yg); lane 5, Kabir (1980) membranes
(50 yg); lane 6, S^. marcescens protease standard (250 yg).

47K 3 7 K # f
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Figure 14.

Comparison of McDade and Johnston (1980) outer membrane
isolation procedure with and without the addition of
glycerol.

Lane 1, outer membrane preparation without

glycerol; lane 2, outer membrane preparation with glycerol;
lane 3, S^. marcescens LRL781 protease.
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profiles from each of the treatment regimes appeared the same (Figure
15).

ELISA activity was not associated with the bands, but activity was

found at the top of the gel.
Western blot electrophoresis of Laeramli gels of outer membrane
preparations was performed.

The blots yielded results similar to those

of the ELISA (i.e. the antigen remained at the top of the gel) as shown
by autoradiography (Figure 16).

The protease and membrane preparation

were also run on O'Farrell (1975) gels.
appeared as shown in Figure 17.

The profile of a typical run

The protease appeared as a single spot

on the O'Farrell (1975) gel, while the outer membrane preparation
contained a predominant protein spot (presumably the 37K protein) and
other smaller protein spots.
O'Farrell (1975) gels.

A Western blot was performed on the

Activity was observed in two areas of the outer

membrane gel when it was blotted.

A spot appeared on the basic end of

the two dimensional gel as well as a spot which appeared on the acidic
end of the gel (Figure 18b).

A Western blot of the protease O'Farrell

(1975) gel is shown in Figure 18a.

The acidic spot from the outer

membrane preparation was in the same approximate location as the spot
from the protease blot.
Once the antigenically related outer membrane-associated protein
was located on the Coomassie blue stained O'Farrell (1975) gel, a
molecular weight for the protein was determined to be 71,000.
The results of the Western blots done on O'Farrell (1975) gels and
of the molecular weight determination suggest that the serologically
related protein had a similar isoelectric point as the protease and that
it was larger in molecular weight than the protease (molecular weight
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Figure 15.

Polyacrylamide gel electrophoresis of detergent treated
outer membrane preparations.

Lane 1, heat-stable hemolysin

of Pseudomonas aeruginosa; lane 2, Nonidet P-40; lane 3,
Triton X-100; lane 4, Tween 20.
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Figure 16.

Autoradiograph of Western blot of Laemmli (1970) gel.

Lane

1, McDade and Johnston (1980) outer membrane preparation (50
yg); lane 2, _S. marcescens LRL781 protease (50 yg).

100

1

2

Figure 17.

O'Farrell gel electrophoresis.

(A) S_. marcescens

LRL781 protease and (B) McDade and Johnston
(1980) outer membrane preparation of S. marcescens LRL781.

Basic

B

Basic
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Figure 18.

Western blot electrophoresis of O'Farrell gels.

(A) McDade

and Johnston (1980) outer membrane preparation and (B) S^.
marcescens LRL781 protease.
activity.

Arrows indicate areas of
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Basic

Acidic
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47,000).

Therefore, the serologically-related protein was assumed to be

the precursor of the protease.

Moreover, the precursor was found in an

aggregate that did not efficiently penetrate the gel as indicated by
activity in the basic end of the Western blotted O ’Farrell (1975) gel
(Figure 18b).

Most of the antigen never entered the isoelectric

focusing gel.

As previously stated, the antigen remained at the top of

the gel in one dimensional gels.

The combination of Nonidet P-40

(NP-40) and urea slightly solubilized the precursor-containing aggregate
so that some of the precursor molecule penetrated the gel.

However, a

Sephadex G-50 column was prepared and equilibrated with 9 M urea and 2%
NP-40.

An outer membrane preparation was applied to the column, but no

distinct protein peaks were eluted off the column.
Attempts were made to solubilize or digest the outer membrane
fraction in order to release the antigen, and agents, both detergent and
enzymatic in nature were used (Table 8).

None of the reagents used

released the antigen as revealed by using double diffusion plates,
ELISA, or Western blot electrophoresis.

Organic solvents were used to

extract lipid that may have been present in the outer membrane.

The

outer membranes were washed with ethanol:chloroform (3:1, v/v).

The

outer membrane profile on SDS-polyacrylamide gels appeared the same as
membranes that were not washed.

This was also true for membranes washed

in 2-chloroethanol (Aldrich), made to pH 8.0 with ammonium hydroxide.
When the antigen was identified and located as a single protein
spot in the acidic region of the Western blot, both the antigen and
protease spots were excised from O'Farrell (1975) gels for peptide
mapping as identified in Figure 18.

The proteins in the gels were
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Table 8.

Detergents and enzymes used to release antigen.

Detergents

Final
Concentration

CHAPS (CalBiochem)

5%

CHAPSO (CalBiochem)

5%

Octylglucoside (Sigma)

5%

Lithium dodecyl sulfate (Gallard-Schlessinger)

5%

Zwittergents (CalBiochem)

5% mixture

Deoxycholate (Sigma)

2%

Cholic acid (Sigma)

2%

Nonidet P-40 (Sigma)

2%

Enzymes
Lysozyme

40 units

Amyloglucosidase (Sigma)

5-10 units

Lipase (Sigma)

5-10 units

Phospholipase A ^
(Sigma)
Phospholipase C (Sigma)
Phospholipase D (Sigma)

5-10 units
5-10 units
5-10 units

3 -galactosidase (Sigma)

5 mUnits

Neuraminidase (Sigma)

5 mUnits

a-L-fucosidase (Sigma)

5 mUnits

a-mannosidase (Sigma)

5 mUnits

8~ glucosidase (Sigma)

5 mUnits

N-acetylglucosaminidase A (Sigma)
N-acetylglucosaminidase B (Sigma)

5 mUnits
5 mUnits

Hyaluronidase (Sigma)

5 mUnits

Cellulase (Sigma)

5 mUnits

Endoglycosidase D (Miles)
Endoglucosidase H (Miles)

5 mUnits
5 mUnits
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radioiodinated, digested, and eluted out of the gel.

Samples were

applied to thin layer chromatography plates, and the peptides were
mapped by electrophoresis and chromatography.

The maps of the protease

and the outer membrane spot from the O'Farrell (1975) gel were compared.
Only nine peptides in common were found as shown in the autoradiograph
in Figure 19.

The protease from the O'Farrell (1975) gel was still

enzymatically active, as shown by a zone of clearing, produced by the
gel slice in the absence of denaturing agents, on a 2% milk agar plate.
Therefore, an accurate peptide map of the protease was impossible to
obtain.
Cleveland (Cleveland et al., 1977) gel analysis was used to detect
serologically-related peptides.

Both the protease and the outer

membrane preparation were run on O'Farrell (1975) gels.

The protease

spot and the precursor protein spot were excised out of the O'Farrell
(1975) gels, digested in situ, and run on an SDS-polyacrylamide gel.
The Cleveland (Cleveland et al., 1977) gel was then Western blotted. Four
serologically-related peptides were shared by the protease and the
precursor as shown by the autoradiograph in Figure 20.
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Figure 19.

Autoradiographs of peptide mapping of O ’Farrell gel "spots".
(A) McDade and Johnston (1980) outer membrane preparation
and

(B) j3. marcescens LRL781 protease.

peptides are numbered.

The nine shared
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Figure 20.

Autoradiograph of Cleveland gel digest.

Lane 1, McDade and

Johnston (1980) outer membrane preparation; lane 2, Su
marcescens LRL781 protease.

Arrows indicate

serologically-related peptides.
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DISCUSSION
The existence of a protein serologically related to the extracellular
protease of Serratia marcescens LRL781 has been demonstrated.
protein co-purifies with the outer membrane fraction.

This

Its functional

relationship to the protease was determined to be that of an
enzymatically inactive precursor.

There has been only one other report

of a precursor of an extracellular protease associated with the cell
envelope of a gram-negative bacterium (Jensen et al., 1980).

Jensen et

al. (1980) demonstrated the existence of a cell-associated precursor of
an exocellular protease produced by Pseudomonas aeruginosa.

They

demonstrated that the precursor was enzymatically inactive,
serologically cross-reactive, and that the precursor resides in the
envelope fraction.
Evidence that the precursor of S^. marcescens LRL781 protease is a
surface antigen includes agglutination of cells washed free of
extracellular protease and uniform labeling of the cell surface with
ferritin-labelled antibody.
Cell surface fractions of J3. marcescens LRL781 were prepared by the
McDade and Johnston (1980) procedure.

Antigen was found in each cell

fraction as evidenced by precipitation in double diffusion plates or by
agglutination in tube agglutination tests.

Because the antigen was

found in each cell fraction, an enzyme-linked immunosorbent assay
(ELISA) was used to quantitate the antigen in each fraction.

The McDade

and Johnston (1980) procedure for extraction of the surface antigen was
not efficient (87% of the antigen remains with fraction I, the sheared
cell fraction).

However, the ELISA specific activity of the membrane
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fraction was more than 100-fold higher than that of intact cells.

Thus

while the yield of outer membranes was low, the small amount of material
obtained was greatly enriced in antigen.

In addition, this procedure

was not efficient for the isolation of the outer membranes as indicated
by retention of 86% of the protein and 96% of the 2-keto-3-deoxyoctonate
(KDO) in fraction I, the sheared cells, when compared to control cells.
Fraction I had a higher KDO value than any other fraction, yet had the
lowest ELISA specific activity.

Since the absorbance readings of the

ELISA are directly proportional to antigen concentration (Clark and
Adams, 1977), the outer membrane fraction does have a significantly
higher specific activity of antigenically related protein than any other
cell fraction and higher than control cells.
co-purifies with the outer membrane fraction.

The antigenic precursor
However, the majority of

precursor and outer membrane material remains with the sheared cells.
Jensen et al. (1980) fractionated washed cells either by mechanical
breakage or osmotic shock.
precursor.

Each cell fraction was then assayed for

When cells were treated selectively to remove the envelope-

associated periplasmic proteins (i.e. extraction with 0.2 M M g C ^ )
without rupturing the cytoplasmic membrane, it was seen that 66% of the
precursor could be released from cells by osmotic shock treatment.
However, a considerable amount of precursor (34%) remained
cell-associated.

Their observations suggested that the precursor is

envelope-associated but its association was more tenacious than that of
alkaline phosphatase.

They concluded that the association was still an

ionic rather than a covalent association.
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Fraction III, cell fragments, contained a low concentration of both
KDO and protein.
activity 20.9).

It also contained some ELISA activity (specific
However, most of fraction III was probably

predominantly cell wall material and not membrane material.
No pellet was obtained when fraction VI supernatant was
recentrifuged.

Therefore, all membrane material was pelleted in

fraction V, the outer membrane pellet.

Also, the little ELISA activity

associated with fraction VI (specific activity 13.6) was probably due to
free antigen.
The antiserum used in these studies contained only antiprotease
antibodies.

If another antibody were present in the antiserum, for

example, one against an outer membrane protein, then by removing it,
only antiprotease antibody would remain.

Column adsorption of the

antiprotease serum resulted in serum that was inactive against protease
preparations.

Pre-adsorption of antiprotease serum with protease

preparations resulted in serum that was inactive against whole cell
suspensions in tube agglutinations.

Jensen et al. (1980) also

demonstrated that adsorption of cell fractions with antiprotease serum
removed material antigenically related to their protease.
Lipopolysaccharide (LPS) was purified from cells of j3. marcescens
LRL781.

The LPS preparation did not cross-react with protease antibody

in double diffusion plates or in the ELISA.

Rabbit red blood cells

sensitized with LPS failed to agglutinate in the presence of
antiprotease serum.
was eliminated.

Therefore, the possibility of LPS being the antigen

These findings emphasize the presence of a
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serologically-related protein to the protease.

Its presence is cell-

surface oriented.
Gel electrophoresis was performed using the sodium dodecyl sulfate
(SDS)-polyacrylamide gel system of Laemmli (1970) because the surface
antigen did not enter polyacrylamide gels without SDS.

However, the

surface antigen did not enter the SDS-polyacrylamide gel either as
evidenced by ELISA activity only at the top of the gel as well as by
Western blot electrophoresis which revealed one band at the top of the
gel.
It can be concluded that the antigen is associated in an insoluble
aggregate.

This is evidenced by lack of penetration into SDS-containing

polyacrylamide gels.

Also, greater than 100-fold ELISA activity was

found in the void volume than in any other protein peak coming off the
Sepharose 6B-C1 column.

Additional evidence is the lack of

solubilization of the outer membrane fraction by detergents and enzyme
digestion.

The aggregate was associated with a carbohydrate moiety as

revealed by a glycoprotein stain.

Moreover, a variety of glycosidases

did not free the antigen from the carbohydrate.
Another study (Pacaud, 1982) demonstrated the aggregation of
proteins in gels and in a column.

Pacaud (1982) studied two membrane-

bound esterases of Escherichia coli.

One of these esterases migrated as

a single band on SDS-polyacrylamide gels with an apparent molecular
weight of 34,000.

However, this enzyme displayed an apparent molecular

weight of 650,000 on Ultrogel columns in the presence of the detergent
Emulphogen BC-720.

He believed that the difference in size of the

native enzyme appeared to be due to its association with the detergent.
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He could not determine the molecular weight of the other protease
because of its interaction with detergents.

He stated that this unusual

behavior of the protease may be due to the binding of nonionic
detergents with the proteases which reduces the ionic character of the
proteins.

Such an explanation may account for both the difficulty in

purification of the protease and their unusual behavior on
polyacrylamide gels (Pacaud, 1982).
It was found that ELISA activity did not correlate with protease
activity.

Peak ELISA activity was found in 18 h old cells, while peak

protease activity was found in 36 h old cells.

Jensen et al. (1980)

assayed culture supernatant and cell fractions of _P. aeruginosa for
active protease using an azocasein assay.

They found that exocellular

protease activity remained undetectable for the first 6 h and then rose
rapidly before reaching a plateau in stationary phase.
true for S_. marcescens LRL781.

This is also

Protease precursor material in I?.

aeruginosa appeared before the active enzyme, and it formed a sharp peak
at 10-12 h, just before the rapid appearance of exocellular protease
which in turn coincided with a rapid decrease in cell-associated
precursor.

In JS. marcescens LRL781 the protease precursor appeared at 6

h, which was the first age of culture tested for its presence.

As with

P^. aeruginosa, the concentration of S_. marcescens LRL781 precursor
peaked at 18 h.

There was also a decrease in precursor as monitored by

ELISA activity with an increase of exocellular protease activity.

In

addition, a 24,000 meolecular weight protein appears at 24 h, 36 h, and
48 h.

Its presence coincides with an increase in protease activity.

The protease activity was exclusively associated with the culture
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supernatant fraction.

Neither the whole cells nor any of the

cell-derived fractions had appreciable protease activity.

According to

Jensen et al. (1980) the supernatant of _P. aeruginosa had almost
200-fold the activity of washed cells and 2000-fold the activity of cell
envelopes.
The surface antigen of J3. marcescens LRL781 was determined to be
the precursor of the extracellular protease on the basis of several
experiments.

The precursor has a molecular weight of 71,000 while the

protease has a molecular weight of 48,000.

The sum of the molecular

weights of the 24,000 molecular weight protein and the protease is
71,000.

This is the molecular weight of the precursor as determined by

O'Farrell (1975) gels.

Precursors have been identified for many

secreted proteins (Crowlesmith et al., 1981; Emr et al., 1980; Inouye
and Beckwith, 1977; Randall et al., 1978; Sekizawa et al., 1977).

Most

precursors have molecular weights 2,000-4,000 larger than the processed
protein.

However, some precursors have been found to be up to 47

kilodaltons larger than the authentic
1982) .

protein (Goebel and Hedgpeth,

It may be unusual that the precursor of the S_. marcescens LRL781

protease is 24,000 in molecular weight larger than the protease,
however, it is not unique that a precursor exists so much larger than
the active protein.

However, there may be more than one internal

cleavage site in the precursor molecule.

More than one fragment, other

than the signal sequence, could be removed during processing. Jensen et
al. (1980) claimed that the molecular

weight difference between the P^.

aeruginosa protease and its precursor

was slight, although they did not

show any data.
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Although the precursor has a similar isoelectric point to the
protease, they are not identical isoelectric points, but both proteins
are very acidic in nature.

Most precursor sequences as reported in the

literature (Beckwith et al., 1978; Inouye et al., 1983) are composed of
basic amino acids.

The S^. marcescens LRL781 precursor is acidic in

nature, which is uncommon.

However, the precursor of the membrane-bound

form of penicillinase is also acidic in nature (Yamamoto and Lampen,
1976).

The signal sequence portion contains both aspartic acid and

glutamic acid (Yamamoto and Lampen, 1976) .

Peptide mapping revealed

that at least nine peptides are shared by both proteins.

The protease

is still enzymatically active after removal of SDS from the O'Farrell
(1975) gel, therefore, an accurate peptide map would be impossible to
obtain.

One would expect all the peptides of the protease map to be

present on the precursor peptide map.

However, because of the resumed

activity (i.e. autolytic digestion) of the protease after the removal of
the denaturing agents from the gel slice, there are many more peptides
on the protease map.
after removal of SDS.

However, the precursor was still inactive even
In regard to mapping, more peptides may be shared

but they cannot be determined due to autolytic digestion of the
protease.

However, Cleveland (Cleveland et al., 1977) gel analysis

revealed that at least four peptides are serologically related.

On the

basis of these results, the surface antigen was determined to be the
precursor of the extracellular protease.
Attempts to purify the precursor were unsuccessful due to lack of
solubilization of the aggregate containing the antigen.

Jensen et al.

(1980) were also unsuccessful in their attempts to purify the precursor,
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but for a different reason.

The conventional purification techniques

they used resulted in irreversible conversion of precursor to active
protease.

Gel filtration and ion-exchange chromatography both resulted

in recovery of an active protease.

In addition, the precursor released

from the cells by the osmotic shock procedure was less stable than
precursor in crude cell contents, and it converted to active protease
spontaneously.

They found no inhibitors or conditions which could have

prevented the activation process.
The results presented in this study indicate that the surface of
whole cells of Serratia marcescens LRL781 contains large amounts of
enzymatically inactive material which is serologically related to the
extracellular protease produced by this organism.

This precursor

material is associated with the outer membrane fraction of fractionated
whole cells.
Several interesting questions can be raised as to the nature of the
in vivo activation and excretion processes of the protease from
precursor form.

The precursor is probably involved as a normal

intermediate step in these processes.

Jensen et al. (1980) suggested

that the exocellular protease of P_. aeruginosa may be synthesized in
precursor form to facilitate passage through the cytoplasmic membrane.
This may also be true of the exocellular protease of J3. marcescens
LRL781.

This would be in accordance with the evidence found in the

literature which suggests that excreted proteins are synthesized on
membrane-bound ribosomes and that nascent polypeptide chains are
channeled through the membrane to their extracellular location via the
N^-terminal signal sequence (Pages et al., 1978; Randall et al.,
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1978).

In this study, however, an intermediate stage may exist in which

the completed precursor resides in the outer membrane until it is
released into the culture medium and converted to active protease or
it may be activated into protease which is then released into the
culture medium.

It seems evident that there is transient accumulation

of the precursor before it is activated.

The appearance of precursor in

the outer membrane prior to the rapid rise in extracellular protease
levels suggests that the cell-associated precursor is involved in the
formation of extracellular protease.

However, there is no evidence to

show that precursor material can be converted to active protease by
limited proteolysis or that precursor is actually converted to free
extracellular protease in vitro.
The secretion of extracellular enzymes by bacteria occurs in the
absence of cell lysis and appears to be coupled to synthesis (Stinson
and Merrick, 1974).

Many exoenzymes are synthesized and secreted toward

the end of exponential growth; however, the regulatory mechanisms which
control the production of these enzymes are little understood.

Studies

by Tanaka and Iuchi (1971) on the synthesis of an extracellular
proteinase produced by Vibrio parahemolyticus suggested that the
repression is similar to catabolite repression, but they noted certain
differences since the repression was not reversed by addition of cyclic
adenosine 3',5' monophosphate (cAMP).
Proteolytic enzymes are being increasingly recognized as playing
crucial roles in many biological processes.

These include the

activation of proenzymes into their active forms, the control of protein
and enzyme levels in prokaryotes, and the modification of protein
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precursors (Garesse et al., 1979).

In order to act in some of these

processes, proteolysis must be specific or limited, and in the other
processes, proteolysis must be extensive, but selective (Garesse et al.,
1979).

Many researchers agree that more information about the

properties and structures of secreted proteins is needed to further
understand extracellular enzyme synthesis and its regulation (Garesse et
al., 1979; Jensen et al., 1980; Mantsala and Zalkin, 1980).
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Hank's Balanced Salt Solution (Kwapinski, 1965)

Solution 1

NaCl

8.00

g

KC1

0.40 g

Na2HP02 ‘7H20

0.19 g

KH2P02

0.50 g

Glucose

2.00 g

Gelatin

1.00

g

in 700 ml boiled redistilled water
Solution 2

CaCl2 *2H20

0.265 g

in 100 ml boiled redistilled water
Solution 3

MgS04

0.0977 g

in 100 ml boiled redistilled water
Solution 4

NaHC03

0.34 g

in 100 ml boiled redistilled water

Autoclave all four flasks for 10 min.

Store at 4°C.

When needed

mix the contents of flasks 2, 3, and 4 into the contents of 1.
should be 7.2-7.6.

Final pH
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Alsever's Solution (Carpenter, 1975)

Dextrose

20.50 g

Sodium citrate *2 ^ 0

8.00 g

Citric acid ' 1^0

0.55 g

Sodium chloride

4.20 g

Distilled water to 1 liter

Dissolve the ingredients successively in the distilled water and
autoclave the resulting solution at 15 psi for 15 min.
sterilized solution should be 6.1.

The pH of the

When an animal is bled, deliver 1

part of whole blood into 1 part of Alsever's solution.

Allow the

resulting suspension to stabilize at 4°C for 1 week before use.
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Kellenberger Veronal-Acetate Buffered Osmium
(Kellenberger, 1958)

Stock solutions;
A.

Veronal-acetate-sodium chloride buffer
Sodium veronal (sodium barbital)
Sodium acetate (NaC2Hg02 * 3H 2O)
Sodium chloride (NaCl)

14.7 g
9.7 g
17.0 g

Dissolve the above in sufficient water to make a solution
of 500 ml.
B.

1 M CaCl2

110.99 g

Dissolve the C a C ^ in sufficient water to make a solution
of 1000 ml.
C.

0.1 N HC1

0.86 ml

Dilute the HC1 in sufficient water to make a solution of
100 ml.
D.

Osmium tetroxide (OsO^) in 0.5 g ampoules

Fixative Constituents;
Stock veronal-acetate-sodium chloride buffer

10.0 ml

0.1 N HC1

14.0 ml

1 M CaCl2

0.5 ml

Distilled water
Osmium tetroxide

26.0 ml
0.5 g
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Spurr Resin, Firm Formula (Spurr, 1962)

ERL-4206 (Pellco)
DER 736 (Pellco)
NSA (Pellco)
DMAE (Pellco)

10.0 g
6.0 g
26.0 g
0.4 g

Add contents to the same beaker, one at a time.

Swirl contents

with an applicator stick between each additon until throughly mixed.

Reynolds' Lead Citrate Stain (Reynolds, 1963)

In a 50 ml volumetric flask, place 1.33 g lead nitrate or lead
citrate, 1.76 g sodium citrate, and 30 ml boiled distilled water.
vigorously for 1 minute and frequently after for 30 min.
N NaOH (freshly made and degassed).
50 ml mark and mix by inversion.
paper.
bottle.

Shake

Add 8 ml of 1

Add boiled distilled water to the

Filter through Whatman #1 filter

The pH should be approximately 12.

Store solution in a brown
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